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ABSTRACT 
The selection process for functionally engineered materials cannot only rely on the physical 
appearance of the materials, texture, aesthetic and bulk properties but also on the surface 
characteristics composition especially in the area of applications where surface contact is of 
high priority. The behaviour of a material is greatly dependent on the surface properties of the 
material. Functionally engineered materials must be able to satisfactorily perform desired 
functions completely and effectively, under various conditions in aggressive environments 
without failing or yielding into a disastrous catastrophe when in service.  
Savaging, protecting and optimizing scarce natural materials like Titanium from surface 
defects and deformation like corrosion and wear is a major problem around the world. Titanium 
alloys are reactive materials and have a high affinity for oxygen, resulting in the formation of 
protective oxide film spontaneously in the presence of oxygen. However, it can give rise to 
disruption in the mechanical properties when the system is suffering from starvation of oxygen 
to form the protective layer. Also, titanium exhibits low wear and abrasion resistance, which 
can result in reduced service life.  
Applying surface modification technique can help to mitigate these effects and improve the life 
span of these alloys when in service. Alteration of the surfaces can be manifested using 
different techniques of surface engineering of materials. The surfaces of metallic materials are 
made up of matrix of individual grains with variation in sizes and bond strength. Surface 
engineered materials have augmented and improved performance, added functionality, reduced 
cost, improved materials usage efficiency and provided performance not possible with bulk 
materials. 
Surface Engineering is becoming an integral part of engineering. Sputtering process is a branch 
of surface engineering techniques used for deposition of thin films on the surface of materials, 
thereby modifying the surface properties of the materials without altering the bulk properties. 
Radio Frequency (RF) magnetron sputtering is a potential surface modification technique with 
high deposition rate, strong bond affinity, low cost of production and capability to deposit 
insulating materials.  
Titanium Carbide (TiC) ceramic is known to be an excellent coating material for surface 
modification due to their favourable mechanical, physical and chemical properties.  
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In this research work, Radio Frequency (RF) magnetron sputtering was used to deposit 
nanostructured thin films of titanium carbide ceramic on the surface of commercially pure 
titanium (CpTi) and Titanium alloy Grade 5 (Ti6Al4V).  The RF power, sputtering time and 
temperatures of the deposition process were varied during the experiments while the other 
process parameters were kept constant. The morphology and topography analyses of the 
sputtered surface were investigated using field emission scanning electron microscope, atomic 
force microscope and optical profilometer. Grazing incidence X-ray diffractometer, X-ray 
photoelectron spectroscopy and Raman spectroscopy were also employed to determine the 
chemical stoichiometry, structural and phase formation. The mechanical and tribology 
properties such as nanohardness, film adhesion resistance and wear behaviour were 
investigated using nanohardness tester, microscratch tester and tribometer respectively. 
Corrosion resistance was determined using electrochemical corrosion technique. For the 
process parameters optimization analysis, an L9 Taguchi orthogonal array Design of 
Experiment (DOE) was used. 
The microstructural evolution and surface topography of the TiC thin films revealed the 
influence of the process parameters on the film growth profile. The microstructural evolutions 
for both substrates show analogous growth patterns. Three different growth patterns were 
observed in the thin films coating. Columnar structure and growth mode similar to island 
growth mode was observed at RF power of 150 W. As the RF power increases to 200 W, the 
film morphology becomes homogenous with equiaxed grain and the growth pattern is similar 
to Volmer Weber or layer mechanism. Further increase in the RF power causes the morphology 
geometry to change with two different layers. The top layer has large grains with uneven 
distribution of the TiC thin film and the bottom layer tends to be homogenous. This 
phenomenon can be related to the Stranski- Krastanov (S-K) mechanism. The surface 
topography obtained from the atomic force microscope analysis revealed that the surface 
roughness of the thin film coatings reduces with increase in process parameters. High peaks of 
TiC thin films were predominant on the surfaces of all the coating as revealed by the surface 
skewness and coefficient of kurtosis values. The microscale analysis of the surface topography 
conducted on optical profilometers also disclosed a similar trend with the atomic force 
microscope results. The TiC thin films became denser and the coating thickness increased as 
the process parameters increase. 
The nanohardness results of the TiC thin films exhibit a strong correlation with the 
microstructure profile. TiC thin films with uniform and homogenous coating have higher 
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nanohardness values. Increase in the hardness values, resulted in an increase in the elastic 
recovery, plasticity index and wear resistance. However, the plasticity reduces with an increase 
in the hardness. 
The structural property, composition and film defect analysis were done using grazing 
incidence x-ray diffractometer (GIXRD) and Raman spectroscopy. From the GIXRD results of 
the CpTi/TiC thin film coating, the (110) orientation plane was the preferential growth plane. 
The intensity of the diffraction planes increased as the RF power, sputtering time and 
temperature increased, denoting that the crystallinity of the TiC thin films improved. This 
phenomenon was also noticed in the Ti6Al4V/TiC thin film coating but there was a shift in the 
preferential growth mode. The (200) orientation plane was the preferential growth plane for 
Ti6Al4V/TiC thin film coatings. The XPS results revealed the present of carbon and titanium 
as the elemental composition of the thin film coatings. The Raman spectroscopy results 
confirmed the presence of both non-stoichiometric and stoichiometric TiC thin film coating. 
Samples L4 (produced at 250 W, 2hrs and 90 oC) and L5 (produced at 250 W, 2.5 hrs and 100 
oC) have Raman spectra with no peaks. This shows that the samples are defect-free and can be 
said to be stoichiometric in nature. TiC Raman peaks were noticed in other samples at 245, 610 
and760 cm-1 peak intensity. The D and G-modes of carbon were also present in the thin films. 
The corrosion potentiostat results for all the coated samples showed higher polarization 
resistance and corrosion and this implied improved corrosion resistance. The significant 
improvement in the corrosion results implies that the TiC thin films coating passivized and 
inhibited the corrosion susceptibility. 
Two different experimental setups were used to study the tribology and the wear resistance 
behaviour of the samples. The first experiment was the microscratch tester which was used to 
determine the film adhesion strength and failure under low loading. From the results, some of 
the samples of the CpTi/TiC thin film coating experienced failure while all the samples of 
Ti6Al4V/TiC thin film coating resisted failure under low loading. It showed that the 
mechanical properties of the substrate also influenced the tribology behaviour of the TiC thin 
films. The second experiment was used to determine the tribology and wear mechanism under 
high loading. It was observed that samples of the CpTi/TiC thin film coatings have wider wear 
track as compared to Ti6Al4V/TiC thin film coatings but both samples experienced the same 
coefficient of friction trend pattern. 
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Taguchi analysis was used to study the contribution of the RF magnetron sputtering process 
parameters on the output response, the interaction of the process parameter on the response and 
to develop an empirical model for the output response. The empirical models developed show 
a little variance in the output response with an error of less than 20% for all the models. This 
implies that the models are transferrable and can be applied to develop futuristic coatings and 
optimization of the RF magnetron sputtering deposition process. The samples produced were 
optimised and can be recommended for applications in typical harsh environments like marine 
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GLOSSARY OF TERMS  
Adatom  An atom that lies on a crystal surface and can be thought of as 
the opposite of a surface vacancy. 
Chemical Vapour Deposition Process where one or more volatile precursors are transported 
via the vapour phase to the reaction chamber, where they 
decompose on a heated substrate. 
DC magnetron Sputtering This is a variant of magnetron sputtering where the source of 
plasma generation is direct current. 
Magnetron Sputtering A deposition technology involving a gaseous plasma which is 
generated and confined to a space containing the material to be 
deposited with the aid very strong magnets to confine the 
electrons in the plasma at or near the surface of the target. 
Nucleation  The initial process that occurs in the formation of a thin film 
form a target, in which a small number of ions, atoms, or 
molecules become arranged in a pattern characteristic of a 
crystalline solid, forming a site upon which additional particles 
are deposited as the crystal grows. 
Plasma  An ionized gas consisting of positive ions and free electrons in 
proportions resulting in more or less no overall electric charge, 
typically at low pressures or at high temperatures. 
Physical Vapour Deposition A vaporization coating technique that involves the transfer of 
material on an atomic level under vacuum conditions. 
RF Magnetron Sputtering This is a variant of magnetron sputtering where the source of 
plasma generation is radio frequency or alternating current. 
Structure Zone Model It is a model used to classify the morphology of thin films 
deposited by different coating techniques. 
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Taguchi It is a quality control methodology that combines control charts 
and process control with the product and process design to 
achieve a robust total design. 
Thin film A layer of material ranging from fractions of a nanometer 
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ACRONYMS AND ABBREVIATION  
 
AFM   Atomic Force Microscope 
ANOVA  Analysis of Variance 
COF   Coefficient of Friction 
CpTi   Commercially Pure Titanium 
CVD   Chemical Vapour Deposition 
DC   Direct Current 
DoE   Design of Experiment 
Ecorr   Corrosion Potential 
FESEM  Field Emission Scanning Electron Microscope 
GIXRD  Grazing incidence X-ray Diffractometer  
HPPMS  High Power Pulsed Magnetron Sputtering 
Icorr   Corrosion Current 
IAD   Ion Assisted Deposition 
MBE   Molecular Beam Epitaxy 
OSP   Non-Contact Optical Surface Profilometer 
OCP   Open Circuit Potential 
PECVD  Plasma Enhanced Chemical Vapour Deposition  
PVD   Physical Vapour Deposition  
RF   Radio Frequency 
S/N   Signal-to-Noise Ratio 
SZM   Structure Zone Model 
Ti6Al4V  Titanium Alloy Grade 5 
Te   Temperature of Electron 
Ti   Temperature of Ion 
TiC   Titanium Carbide 
Tm   Melting Temperature 
Tn   Temperature of Neutron  
TC   Texture Coefficient 
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CHAPTER ONE 
1  INTRODUCTION 
 THEORETICAL BACKGROUND 
The selection process for the majority of the materials may be founded on the texture, aesthetic 
and colours, but functional engineered materials cannot just depend on the physical appearance 
and the bulk properties but also on the surface characteristics and composition especially in the 
area of applications, where surface contact is of paramount importance. Therefore, thorough 
scrutiny of the external factors such as the environment of applications, durability and 
compatibility should also be considered when making use of these components. Functional 
engineered components must be able to satisfactorily perform the desired functions completely 
and effectively, under various conditions in aggressive environments without failing or 
yielding to disastrous calamities when in service.  
 
The behaviour of a material is largely dependent on the surface properties of that material. 
Alteration of the surfaces can be manifested by using different techniques in the surface 
engineering of the materials. The surfaces of metallic materials comprise a matrix of individual 
grains, with variations in sizes and bond strength. Surface engineered materials have 
augmented and improved performance, added functionality, reduced cost, improved materials 
usage efficiency and provided performance not possible with bulk materials [1, 2].  
 
Although some engineering materials, like titanium alloys, possess good mechanical 
properties. Its low abrasion resistance and high reactivity nature render it vulnerable when 
exposed to high abrasion working environment. In order to curb these limitations, it is 
imperative to improve the surface properties with none or minimal change to the overall bulk 
properties of the material [2].  
 
Coating the surface with nanostructured materials that have improved mechanical and chemical 
properties is a potential way of mitigating these shortcomings since nanostructured materials 
improve the performance of the material with superior mechanical and surface properties, and 
consequently, they enhance the performance and efficiency of the material of interest [1]. 
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Several techniques can be used to improve the surface properties, and to grow nanostructured 
thin films. Such techniques include physical vapour deposition (PVD), chemical vapour 
deposition (CVD) and sol-gel, etc.[3]. Of the PVD techniques, magnetron sputtering takes the 
preference from researchers and industry perspective. Normally, sputtering takes place from a 
solid plate or target, which only allows a single composition per target but the process has been 
revolutionized and multiple targets with different composition can be used simultaneously to 
form thin films. The sputtering process relies on the formation of plasma within the coating 
chamber to achieve the deposition process. The plasma is initiated between the cathode and the 
anode at pressures in the mTorr range by the application of a high voltage that can be either 
direct current (DC) or Radio Frequency (RF).  The plasma is sustained by the ionization caused 
by secondary electrons emitted from the cathode, due to the ion bombardment, which is 
accelerated into the plasma across the cathode sheath.  Shown in Figure 1. 1, is the schematic 
representation of magnetron sputtering. The magnet placed in the sputtering is to create a 
magnetic field for confining the plasma to a particular area of interest. The magnetic field in 
the magnetron is oriented parallel to the cathode surface. Magnetron sputtering is a low-cost 
and easy to control method for film growth, that is especially suitable for large-scale and low-
temperature film deposition [4, 5]. 
 
 
Figure 1. 1 Schematic representation of Magnetron Sputtering [4] 
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Consequently, this research took advantage of the development in magnetron sputtering 
process to improve the surface properties of commercially pure titanium (CpTi) and titanium 
alloy grade V (Ti6Al4V) by depositing nanostructured titanium carbide thin films on the 
surfaces, thereby improving the surface properties and performance. 
 PROBLEM STATEMENT 
Some metals like titanium and its alloys are reactive materials; and they have a very high 
affinity for oxygen, which means that they can form protective oxide films spontaneously and 
instantly in the presence of oxygen. However, in an aggressive and harsh working environment 
with the starvation of oxygen, these materials become susceptible to corrosion and this gives 
rise to disruption in the mechanical properties. Furthermore, certain functional engineered 
materials, with high strength, like titanium exhibit low wear and abrasion resistance, which can 
result in reduced service life.  
 
Applying the surface modification technique can help to mitigate these effects, and they can 
improve the life span of these alloys, when in service. Radio-frequency magnetron sputtering 
is a potential surface modification technique with a high deposition rate, strong bond affinity, 
low cost of production and with the capability of depositing insulating materials. Since titanium 
carbide ceramics are known to be good reinforcements for surface modification due to their 
favourable properties, RF magnetron sputtering will be used to deposit the nanostructured thin 
film of titanium carbide ceramic on the surface of commercially pure titanium and titanium 
alloy Grade 5 in order to improve their surface properties such as corrosion, wear-resistance 
and surface compatibility. Commercially pure titanium and titanium alloy Grade 5 are 
commonly used materials for biomedical and high heat applications in the engineering field. 
 AIM 
The aim of this research work is to sputter, grow and characterize the properties of 
nanostructured titanium carbide on commercially pure (CpTi) titanium and Ti-6Al-4V titanium 
alloys when depositing these in the form of thin films with dimensions in the nanoscale by 
Radio Frequency magnetron sputtering. 
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 OBJECTIVES  
 The objectives of this research work are stated below: 
• To conduct a detailed literature study on the current state of radio-frequency 
magnetron sputtering and the surface modification of titanium alloys; 
• To determine the optimal process parameters for the sputtering of TiC on Titanium 
alloys by using the RF magnetron sputtering; 
• To investigate the phase formation, the surface roughness and the defect formation 
on the sputtered surface at different sputtering process parameters; 
• To analyze the surface topography, the surface microstructure, the nanohardness 
profile, the wear behaviour and the corrosion resistance; 
• To develop empirical models for optimizing the RF magnetron sputtering 
performance parameters within the technological range to be considered 
 HYPOTHESIS STATEMENT 
Titanium Carbide (TiC) thin film will be deposited on CpTi and Ti6Al4V titanium alloys 
through Radio Frequency magnetron sputtering process. Different material characterization 
techniques will be conducted to determine the morphology, structural and mechanical 
properties of thin films coatings. It is envisaged that the TiC films coating on the Titanium 
alloys would have multiple beneficial effects on the substrate properties, such as protection 
against oxidation, an enhancement in hardness, improvement in tribo-corrosion behaviour, 




To achieve the listed aim and objectives, different characterization techniques were employed 
in this research in order to determine the properties of the thin films coating. These methods 
are listed below, 
• Radio Frequency magnetron sputtering machine was used to grow nanostructured TiC 
thin films on the surface of the titanium alloys by using different processing parameters; 
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• The morphological and topographic analyses of the sputtered surface were investigated 
by using the field emission scanning electron microscope (FESEM), atomic force 
microscope (AFM) and the non-contact optical surface profilometer (OSP). 
• The grazing incidence X-ray diffractometer (GIXRD) and Raman spectroscopy were 
employed to determine the chemical stoichiometry, as well as the structural and phase 
formation; 
• Mechanical and tribological properties, such as nanohardness, film adhesion strength 
and wear behaviour were investigated by using the nanohardness tester, the 
microscratch tester and the tribometer; 
• Corrosion resistance was determined by using the electrochemical corrosion technique. 
• The RF magnetron sputtering process optimization was done by using Taguchi 
optimization techniques to develop empirical models. 
 DELIMITATION 
This work contributes in the area of surface improvement of engineered materials by using thin 
films coating. However, the scope is constrained within a specific range of process parameters, 
choice of the materials and the types of equipment used. 
 SIGNIFICANCE OF THE RESEARCH 
This research study will expand the current knowledge and information on thin film surface 
formation and radio frequency magnetron sputtering in the context of research and 
development and also serve as an opening for new research prospect in the area of ceramic 
coatings. For industrial applications, it is expected to provide a new choice for the selection 
and coating of materials, especially where surface modification is of paramount importance, 
and inter-relationships among the process parameters involved. The study provides a direction 
for optimization of thin film deposition parameters, which is currently attracting a lot of 
academic and industrial interests. It will also expand the research area and open new windows 
of opportunities for innovative products in areas such as the development of thin film 
pharmaceutical drugs, multifunctional thin film sensors and thin film electronic panels, which 
are desirable for expanding the scope of industry 4.0. 
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 THESIS OVERVIEW 
Chapter One briefly explains the relevant background of this research. The problem statement, 
aim and objectives, hypothesis and significance of the research are logically presented; 
 
Chapter Two reviews the theoretical background related to magnetron sputtering. It documents 
the theory of thin films growth and various methods of thin film deposition with emphasis on 
sputtering technology. A brief overview of titanium and its alloys, with emphasis on the 
characteristics of TiC thin films was conducted. Critical literature review on the study of 
magnetron sputtering was also presented and discussed. State-of-the-art progress in magnetron 
sputtering of TiC thin films is also presented; 
 
Chapter Three highlights the research methodology employed for this project. This includes a 
discussion of the materials used as the substrate and target, the mode of operation of RF 
magnetron sputtering, in addition to a detailed explanation of the analytical characterization 
used for measuring the film properties. The experimental matrix and optimization procedures 
are clearly described in this chapter; 
 
Chapter Four presents the discussion of the results. This chapter is divided into two parts in 
which the first part focuses on the film properties characterization, and the latter part focuses 
on the optimization of the RF magnetron sputtering process parameters; 
 
Chapter Five draws the conclusions derived from the findings, and it states the scope for further 
research that might be undertaken. 
 SUMMARY 
Introduction on surface modification technique with emphasis on RF magnetron sputtering was 
discussed in this chapter. The aim, objectives, hypothesis, research methodology, delimitation 
and significance of this research study were also discussed. The next chapter is focused on the 
discussion of surface engineering and review of the coating processes of thin films. 
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CHAPTER TWO 
2 LITERATURE REVIEW 
 INTRODUCTION 
Surface engineering is a division of science that focuses on the techniques used for attaining 
the desired surface and near-surface region properties for engineering components, in order to 
make them suitable in a desirable way for various application in service [1, 6, 7]. Surface 
engineering techniques are now being applied effectively in vast areas of engineering 
industries. The industries include, but they are not limited to industries such as the aerospace 
industry, power, military, machine tool, as well as the biomedical, etc., where improvising the 
surface properties, wear-resistance and corrosion behaviour are highly significant for 
production [6,7]. 
 
Surface engineering has also found an application in the design company for coating surfaces.  
It is also being used to modify surface properties such as the physical, chemical, electrical, 
electronic, magnetic and mechanical properties of advanced functional materials to meet those 
services which are difficult to achieve with the bulk material only. Almost all types of 
materials, including metals, ceramics, polymers, and composites, can be deposited onto similar 
or dissimilar materials, depending on the desired properties; and they can be modified to meet 
the specified demands. It is also possible to form coatings on advanced materials (e.g. glass, 
polymers, superlattices, photocatalysts), graded deposits, metamaterials, multi-component 
deposits [2, 8-10]. 
 
The surface of any component may be selected, based on the texture and colour, but 
engineering components generally demand a lot more than this, and a thorough review of the 
external factors is also required, and such a review must be considered when making use of 
these components in service. Engineering components must perform certain functions 
completely and effectively, under various conditions, and sometimes in aggressive 
environments. The alteration of the surfaces can be manifested by using different choices of 
surface engineering techniques. The main surface engineering techniques include an overlay 
process, surface modification techniques, and surface coating techniques. In an overlay 
process, sometimes referred to as hard facing, a protectives material with superior properties is 
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added to the surface, and the underlying material (substrate) is covered and this is not detectable 
on the surface resulting in a thick and solid film [11]. Laser cladding, laser additive 
manufacturing and weld overlays are some of the methods used for the overlaying process [12-
14]. The surface modification technique alters the chemistry of the properties of the surface 
with or without the addition of any reinforcements, and also affect the bulk properties of the 
material in some cases. Examples are heat treatment, implantation, carburizing and nitriding 
[11, 15, 16].  
 
The surface coating technique requires the deposition of thin films layer on the surface, thereby 
altering the properties of the surface. Some examples of surface coating techniques are the 
vapour phase processes deposition (physical and chemical vapour deposition), solution-state 
processes and fusion processes. This process can be achieved via the deposition of a thin film, 
plasma enhancement, ion bombardment, self-assembly, nano-machining, chemical treatment 
or other processes [17-21]. The term thin film is usually applied to the surface deposition layers, 
which have the thickness range below one micron (10-6 meters) while thicker layers above the 
range of one micron are referred to as a coating or sometimes called a thick film.  
 
From the surface modification process, the resulting thin films can range from a single crystal 
to amorphous, fully dense to less than fully dense, pure to impure and thin to thick.  Thin films 
offer enormous potential due to the following issues [9, 22] 
• The conservation of scarce materials; 
• The production of nanostructured coatings and nanocomposites; 
• Ecological considerations- such as the reduction of effluent outputs and power 
consumption; 
• Improved functionality of the existing products; 
• The solution to previously unsolved engineering problems; and  
• The creation of entirely new and revolutionary products. 
 
A critical review of the available literature on the vapour phase deposition techniques (physical 
and chemical vapour deposition) will be briefly discussed in the latter part of this thesis (section 
2.2), with more attention being given to magnetron sputtering which is a variant of vapour 
phase deposition, (since it is the area of interest). The literature review focuses on the following 
areas of importances that are of prominent importance to this research study; 
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Thin film; 
• Theory of thin films; 
• The deposition methods; 
• The nucleation and the growth method (Epitaxy and Topotaxy); 
• The structured zone model of a thin film; 
• The applications of thin films. 
 
The last part of the literature review focuses on the deposition techniques used in this study 
and the other parameters associated with it. The sub-discussions are listed as follow; 
• The fundamental of magnetron sputtering; 
• The sputtering parameters responsible for film growth; 
• Plasma formation and its environment; 
• Introduction to titanium and its alloys; 
• A review of TiC thin film formation. 
 
 THIN FILMS 
2.2.1 THEORY OF THIN FILMS 
Thin films can be labelled as thin material layers, ranging from a fraction of nanometres to one 
micron (10-6 meters) in thickness. The paramount distinction between a thin film and other 
surface coating depositions is the thickness of the layers deposited. Thin film deposition 
involves the deposition of individual atoms or molecules on the surface, while the latter deals 
with the deposition of particles. It is being used to modify the physical and chemical properties, 
as well as the surface morphology of materials. A thin film can consist of one homogeneous 
composition, crystalline phase composition and the microstructure, or it must have an 
inhomogeneous multilayer or composite structure [8].  
The structure of the multilayer can be periodic, have a set pattern or it may be entirely random. 
Almost all thin films deposition techniques have four or five basic sequential steps. The steps 
are unique to the overall properties of the thin film, and they are listed below [8] 
• A source of pure material to be deposited acting as a target in the deposition process; 
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• The target is transported to the prepared substrate via a medium, which can either be a 
fluid or a vacuum, depending on the deposition technique used and the materials; 
• The deposition of the target on the substrate then follows, with the growth of the target 
on the substrate. The annealing process may also be introduced after growing the thin 
film, depending on the desired properties; 
• The last step analyses the properties of the film and the analysis can be incorporated, in 
order to modify the deposition process. 
2.2.2 DEPOSITION TECHNIQUES 
Thin films have distinct advantages over bulk materials because most of the deposition 
techniques used for the formation of thin films are non-equilibrium in nature, consequently, 
the formation of a thin film is not constrained by the metallurgical phase diagram  [10, 23-25]. 
Deposition techniques can be regarded as the major key in the creation of thin-filmed new 
materials to meet the ever-increasing demand from industries for versatile and multi-dynamic 
materials. The deposition techniques determine virtually all the properties of the thin film, and 
they can also be used to modify the existing properties.  
 
Proper consideration needs to be given to the deposition techniques, depending on the area of 
application. This is because not all the deposition techniques result in the same properties, as 
do the microstructure, surface morphology, tribological, electrical, biocompatibility, optical, 
corrosion and hardness  [8, 26]. A single material can be used for different applications, and 
the properties can be tailored to meet the optimum requirements, by using different deposition 
techniques. A combination of different deposition techniques can also be used to form a hybrid 
deposition process, with each contributing to the outcome of the thin film.  
 
There are several types of deposition techniques; however, since the focal point of this study 
is on thin films and their deposition for forming layers below one micron, priority will be given 
to the two major deposition techniques used for thin films. The prominent subsets of deposition 
techniques are physical vapour deposition (PVD) and chemical vapour deposition (CVD). The 
distinguishing feature between PVD and CVD is in the vapour. In PVD, the vapour is made up 
of atoms and molecules that simply condense on the substrate while in CVD, the vapour 
undergoes a chemical reaction on the substrate, which result in the formation of a thin film [27-
30]. Figure 2. 1 depicts the types of thin film deposition which are purely physical deposition 
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or purely chemical deposition. Furthermore, consideration must also be given to the liquid 
phase chemical processes.  
 
 
Figure 2. 1 Variants of thin film deposition techniques [1] 
 
2.2.2.1 PHYSICAL VAPOUR DEPOSITION (PVD) PROCESS 
Physical vapour deposition is a generic term used for a number of processes to deposit a 
coating, or thin films by the condensation of a vaporized form of the solid material onto various 
surfaces under a partial vacuum [4, 31]. PVD is an atomistic deposition process in which there 
is a physical ejection of the material, like atoms or molecules, and condensation and nucleation 
of these atoms onto a substrate through a vacuum, or low pressure gaseous or plasma 
environment. The vapour phase material can consist of ions or plasma, and it often reacts with 
gases introduced into the vapour, which is then called reactive deposition.  The atoms or 
molecules are transported in the form of vapour through a vacuum or low pressure gaseous or 
plasma environment to the substrate, where it condenses [29-31].  
Typically, PVD processes are used to deposit thin films, with thicknesses in the range of a few 
nanometres to a thousand nanometres. They can also be applied for multi-layer deposition 
coating, graded composition deposits, very thick deposits, free-standing structures and in the 
hybrid form with other deposition techniques [8, 32].  
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Every PVD process can be defined by three basic steps, which they have all obeyed [1, 8, 22, 
33]: 
• The creation of a vapour-phase species. This requires conversion of the materials to be 
deposited from a solid-state to a vapour phase by evaporation, sputtering, or ion 
bombardment; 
• Transport from source to substrate- The ejected atoms or molecules from the target will 
be transported to the surface of the substrate through thermal scattering, or by molecular 
flow conditions. Also, if the partial pressure of the metal vapour or the gas species in 
the vapour state is high enough for some of these species to be ionized, there would 
then be a large number of collisions in the vapour phase during movement to the 
substrate; 
• Film growth on the surface- The transported atom or molecule to the surface of the 
substrate will start to nucleate around the substrate, and it would grow by a number of 
processes. The incipient growth of the film determines the types of interface formation 
between the substrate and the atom or molecule. The composition and microstructure 
of the film can be modified by the bombardment of the growing film by ions from the 
vapour phase, resulting in sputtering and re-condensation of the film atoms and 
enhanced surface mobility of the atoms in the near-surface and surface of the film. 
The major variants of PVD are listed in Figure 2. 2, but the three basic processes of PVD 
are vacuum or thermal evaporation, ion plating and sputtering. In the evaporation process, 
atoms are removed from the source by thermal means, whereas in the ion plating process, 
the growing film is subjected to concurrent ion bombardment and in sputtering, the atoms 
are ejected from the surface of the solid target by the impact of gaseous ions and the 
deposited on the surface of the substrate [34, 35]. The common PVD methods from thermal 
or vacuum evaporation, to sputtering, to ion plating and arc vapour deposition are illustrated 
in Figure 2. 3. 
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Figure 2. 2 Variants of Physical Vapour Deposition [30] 
 
Figure 2. 3 PVD Processing Techniques: (a) Vacuum Evaporation, (b) and (c) Sputter 
deposition in a plasma environment, (d) Sputter deposition in a Vacuum, (e) Ion 
platting in a plasma environment with a thermal evaporation source, (f) Ion plating, (g) 
Ion plating with arc cathode and (h) Ion beam atomic deposition sputtering [31] 
 
2.2.2.1.1 Thermal or vacuum evaporation 
Thermal or vacuum evaporation is one of the oldest techniques used for the deposition of thin 
film, and it is still relevant and widely used in the laboratory and industries for the deposition 
of the thin film.  The sequential basic steps for thermal or vacuum evaporation are given below 
[27], 
• The vapour is generated by boiling or sublimating a source material; 
• The vapour is transported from the source to the substrate; 
• The vapour is condensed to a solid film on the substrate surface. 
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In the thermal evaporation process, the material from the thermal vaporization source reaches 
the substrate with little or no collision with gas molecules in the space between the source and 
the substrate. As the process is usually conducted under High Vacuum (HV, p < 10-5 mbar = 
10-3 Pa), the trajectory of the movement of the source to the substrate is the line of sight [13]. 
A vapour flux is created by heating the surface of the source material to a sufficiently elevated 
temperature in a vacuum. The flux can then condense on the surface of the substrate to form a 
thin film. The vacuum environment provides the ability to reduce gaseous contaminants in the 
deposition system to an acceptable and low level, and it allows the evaporated atoms to undergo 
essentially collisionless transport from the source onto the substrate. The gas pressure range is 
usually between 10-5 Torr to 10-9 Torr, depending on the level of the contamination in the 
deposition system, with the mean free path (MFP, the average distance between collisions 
occurring between species) being no smaller than 5 mm [13].  
 
The thermal vaporization rate might be very high when compared with other PVD processes 
[13,27]. The process is usually done by using thermally heated sources, such as tungsten wire 
coils, or by high energy electron beam (e-beam) heating of the source material itself [27].  
 
The evaporation process is conducted by using different configurations. Molecular Beam 
Epitaxy (MBE) is a technique for the epitaxial growth via the interaction of one or several 
molecular or atomic beams that occur on the surface of the heated crystalline substrate. The 
evaporation process is performed in an ultra-high vacuum for the deposition of compounds 
with extreme regularity of layer thickness and composition from well-controlled deposition 
rates. It was invented in the late 1960s at the Bell Telephone Laboratories by J. R. Arthur and 
Alfred Y. Cho [36]. 
  
MBE is widely used in the manufacture of semiconductor devices, including transistors for 
cellular phones and Wi-Fi. [36-39]. Reactive Evaporation is a process, in which the metal atoms 
are evaporated from an evaporant source with the partial pressure of a reactive gas present in 
the chamber. During the evaporation process, the atoms react with the gas chemically to form 
a compound with a thin film on the surface of the substrate. This reactive evaporation can form 
stoichiometric oxides, alloys [40, 41]. Another variant of the evaporation technique is 
Activated Reactive Evaporation (ARE). ARE is the evaporation of a metal that occurs in the 
presence of a reactive gas and a plasma, in order to deposit compounds with an increase in the 
adhesion and deposition rates. The plasma created enhances the reaction between the reactants, 
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causing ionization of both the coating metals and the gas atoms in the vapour phase, and it 
converts some of the neutral atoms into ions or energetic neutrals, thereby enhancing the 
reaction probabilities and rates to deposit refractory compounds. If the ARE process substrate 
is held at a negative bias voltage, it becomes a biased activated reactive evaporation [42-44]. 
 
2.2.2.1.2 Sputtering 
Sputtering is important for PVD processes. It a non-thermal vaporization process, whereby 
individual atoms escape from the target surface and due to atomic collisions, they cascade by 
suitable high energy ion bombardment [28]. Unlike evaporation, the source is no longer created 
by a thermal but rather by the impact of the ion on the target and the target to the substrate 
distance is shorter. Surface atoms are physically ejected from the target by momentum and 
transferred from an atomic-sized energetic bombarding particle, which is usually a gaseous ion, 
accelerated from the plasma.  
 
Sputtering deposition can be performed by the energetic ion bombardment of a solid surface in 
a vacuum at low-pressure plasma of < 5 mTorr, in which the sputtered particles suffer few or 
no gas-phase collision in the space between the target and the substrate, and it can also be done 
at a higher plasma pressure of 5 to 30 mTorr, where energetic particles sputtered or reflected 
from the sputtering target are thermalized by gas-phase collision before they reach the substrate 
surface [28].  
 
Sputtering can also be used as an etching process for cleaning surfaces and for pattern 
delineation because of its potential to eject atoms from an electrode surface by momentum, and 
they are transferred from bombarding ions to surface atoms [28, 45, 46]. 
 
The sputtering deposition has become a generic name for a variety of sputtering processes. 
These processes are named on the basis of their source and orientation in the process. Variants 
of sputtering are diode sputtering (cathode or Radio Frequency), reactive sputtering, bias 
sputtering, magnetron sputtering and ion- beam sputtering [26, 47].  
 
The sputtering deposition technique employs various sources of power and the working 
pressure varies, depending on the power configuration which is DC and RF sputtering. DC 
sputtering is made up of a pair of planar electrodes (cold cathode and anode). The target to be 
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deposited on is placed on the cathode and the substrate is positioned at the anode. The 
sputtering chamber is filled with sputtering gas, usually Argon gas. The glowing discharge is 
sustained under the application of a DC voltage between the electrodes. The generated gaseous 
ions in the glowing discharge are accelerated at the cathode fall (sheath), and they sputter the 
target, resulting in the deposition of the thin films on the substrates. In the DC sputtering 
system, the target is composed of a conducting material, usually metal, since the glow discharge 
(current flow) is maintained between the metallic electrodes [48-50]. 
 
Radio Frequency (RF) Sputtering is sputter deposition in which an alternating current RF 
voltage is supplied to the target. In RF sputtering, the cathode (the target) and an anode are 
connected in series, with a blocking capacitor. The capacitor is part of an impedance-matching 
network that assists the power transfer from the RF source to the plasma discharge. The power 
supply is a high voltage RF source that is often fixed at 13.56 MHz. The blocking capacitor is 
placed in the circuit to develop the all-important DC self-bias, and a matching network is 
utilized to optimize the power transfer from the RF source to the plasma. RF-sputtering offers 
advantages over DC, and the sputtering of an electrically insulated target then becomes possible 
[51, 52]. 
 
Magnetron Sputtering is a Plasma Vapor Deposition (PVD) process which involves a plasma 
being created, and positively charged ions from the plasma are accelerated by an electrical field 
so that the secondary electrons (emitted by the target during its bombardment) are 
superimposed on the negatively charged electrode or "target". The positive ions are accelerated 
by potentials ranging from a few hundred to a few thousand electron volts, and they strike the 
negative electrode with sufficient force to dislodge and eject atoms from the target. These 
atoms will be ejected in a typical line-of-sight cosine distribution from the face of the target, 
and they will condense on the surfaces that are placed in proximity to the magnetron sputtering 
cathode [54,55].  
 
The targets are fabricated from materials that one subsequently wishes to deposit on the surface 
of the component facing the electrode. Conductive materials can be deposited by using a direct 
current (DC) power supply, and insulators can be deposited by using a radio-frequency (RF) 
power supply. Magnetron sputtering deposition uses a closed magnetic field to trap the 
electrons, enhancing both the efficiency of the initial ionization process and allowing the 
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plasma to be generated at lower pressures, which reduces both the background gas incorporated 
in the growing film, as well as energy losses in the sputtered atom through gas collisions.  
 
The magnetic field concentrates and intensifies the plasma in the space immediately above the 
target, as a result of the trapping of electrons near the target surface. The effect results in 
enhanced ionic bombardment (without any increase in the operating pressure), and the 
sputtering rates for both DC and RF are then facilitated [4, 53-57]. 
 
Reactive Sputter Deposition is sputter deposition, where a target of one chemical composition 
(e.g. elemental Si) is sputtered in the presence of a gas or a mixture of gasses (e.g. Ar + O2) 
that will react with the target material to form a coating of different chemical composition (e.g. 
compound SiO2). Argon is, in most cases, the main gas, and the amount of a reactive gas 
introduced into a process chamber is controlled, in order to either achieve a certain amount of 
doping or to produce a fully reacted compound. The resulting deposited thin film is different 
from the target [58, 59].  
 
More recently, another variant of magnetron sputtering was invented, called High-Power 
Pulsed Magnetron Sputtering (HPPMS). This is also known as high-power impulse magnetron 
sputtering (HIPIMS), and it is regarded as an emerging technology that is based on the concept 
of magnetron sputtering. It utilizes extremely pulsed high-power densities, of the order of 
kW/cm2 in short pulses (impulses) of tens of microseconds at a low-duty cycle (on/off time 
ratio) of < 10% and frequency < 10 KHz. This mode of operation results in the generation of 
ultra-dense plasmas with unique properties, such as a high degree of ionization of the sputtered 
atoms, and an abnormal transport of ionized species, with respect to the target. These features 
make possible the deposition of dense and smooth coatings on complex-shaped substrates, and 
they provide new and added parameters to control the deposition process, to tailor the 
properties, and to optimize the performance of elemental and compound films [60-63]. 
 
2.2.2.1.3 Ion plating 
Mattox [28], was the first to report the Ion plating technique in 1960. This is sometimes referred 
to as ion-assisted deposition (IAD), or ionic vapour deposition (IVD). It utilizes the concurrent 
or periodic bombardment of the depositing film by atomic-sized energetic particles, in order to 
modify and control the properties of the depositing film. The substrate is bombarded by a flux 
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of high energy ions sufficient to cause appreciable sputtering on the surface of the substrate, 
both before and during the thin film growth [64-66]. The deposition material may be vaporized 
either by evaporation, sputtering, arc erosion, or by the decomposition of a chemical vapour 
precursor, but the evaporated atoms pass through the gaseous glowing discharge on their way 
to the substrate. This causes some of the vaporized atoms to become ionized  [67, 68]. The 
ionic bombardment during the film growth helps to create denser films, with the densities that 
are closer to that of the bulk material, and thus they make it suitable for depositing a hard thin 
film of compound materials.  
 
The gas pressure for the ionic plating process is within the range of 0.1 to 1.0 Pa. This pressure 
is enough to sustain the glowing discharge, as well as scattering the vapour particles in all 
directions through numerous collisions, in order to improve the overall coating of the substrate 
during the film growth. A reactive gas can be added to form a compound surface coating and 
the process is known as reactive ion plating while chemical ion plating uses a stable gaseous 
reactant instead of a mixture of evaporated atoms and reactive gases[67,68].  
2.2.2.1.4  Arc vapour deposition 
Arc vapour deposition uses a high current, low voltage arc to vaporize a cathodic electrode 
(cathodic arc) or an anodic electrode (anodic arc), and it deposits the vaporized material on a 
substrate. The substrate is biased, so as to accelerate the film ions to the surface, and also, the 
vaporized material is thereby highly ionized.  Flux is generated by creating an arc that travels 
across the surface of the target [26]. The arc strikes lead to the ejection of atoms from the target 
materials, and they condense on the substrate as a thin film coating. A substantial proportion 
of the metal atoms become ionized, and this makes them distinguishable from vacuum or 
thermal evaporation.   
 
This substantial proportion of ionized atoms renders it reliable for the formation of a dense 
coating, and this can then be used for a hard and decorative coating. 
2.2.2.2 CHEMICAL VAPOUR DEPOSITION (CVD) 
Chemical vapour deposition is the parent to a family of material synthetic processes, whereby 
the constituents of the vapour phase reacts chemically near, or on a substrate surface, to form 
a solid product [70]. It differs from PVD, which relies on the material transfer from the 
condensed phase evaporant or the sputtering target sources [21, 69-71]. The CVD process is a 
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complex dynamic process, involving simultaneous mass, momentum, and energy transport, as 
well as complex chemical reactions. Hence, the quality of the films produced will be 
determined by the interactions of various transport processes and the chemical reactions in the 
CVD chamber, which, in turn, depend on the process conditions, such as flow rates, pressure, 
temperature, concentration of chemical species, reactor geometry, etc. [72]. The main 
characteristic and unique feature of chemical vapour deposition is its versatility for 
synthesizing both simple and complex compounds with relative ease at generally low 
temperatures, its excellent throwing power, enabling the production of a coating of uniform 
thickness, as well as properties with a low porosity even on a substrate of complicated shape, 
which is difficult to produce, other than by the deposition technique [21, 47].  
 
During CVD, the chemical composition of the reaction and the physical structure can be 
individualized by controlling the chemical reaction and the deposition parameters, such as 
temperature, pressure, input concentration, gas flow rates and the reactor geometry[26, 47]. 
The fundamental principles of CVD include an interdisciplinary range of gas-phase reactive 
chemistry, thermodynamics, kinetics, transport mechanisms, film growth phenomena and 
reactor engineering. [9, 17, 21].  
 
This process involves the reaction of a volatile compound of a material to be deposited with 
other gases to produce a non-volatile solid that deposits atomistically on a suitably placed 
substrate [13, 75]. The fundamental sequential steps that occur in every CVD process are stated 
below [73] 
• The convective and diffusive transport of the reactants from the gas inlets to the reaction 
region; 
• Chemical reactions in the gas phase to produce new reactive species and by-products; 
• The transport of the initial reactants and their products through the boundary layer to 
the wafer-thin surface; 
• The adsorption (chemical and physical) and the diffusion of these species on the 
substrate surface; 
• Heterogeneous reactions catalyzed by the surface leading to film formation; 
• Desorption of the volatile by-product of the surface reactions by diffusion through the 
boundary layer and back to the main gas stream; 
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• Convective and diffusive transport of the reaction by-products away from the reaction 
zone. 
The CVD process is usually characterized by a volatile reaction of by-products and unused 
precursor species. Many CVD reactions contain hot volatile by-products, such as H2, Cl2, HCl, 
HF or water vapour. Proper safety precautions are needed when using CVD. Venting, 
scrubbing the by-products and the unreacted compounds are essential in the CVD processes. 
CVDs can be grouped, based on the energy used to drive the chemical reaction. Some examples 
are photon, laser and temperature (thermal). 
 
Thermal CVD is a CVD process for depositing thin films on various materials. This process 
uses thermal energy as the source to activate the energy needed for the reaction to take place, 
and it happens at high deposition temperatures.  In thermal CVD, the growing films see only 
thermal surface energy delivered, either by the substrate heater or by the condensing atoms, 
which form the film.  This thermal surface energy gives atoms sufficient mobility on the 
surface, so that the thickness of the uniform film growth and good surface coverage can occur.  
The higher the deposition temperature, the better the film coverage on the substrate.  The 
substrate temperature alone assists both the surface chemistry and the surface atoms mobility 
[74, 75]. 
 
Laser CVD is also a variant of the CVD process. It involves exposing a focused laser beam to 
locally heat the substrate of one or more volatile precursors which react or decompose on the 
surface to produce a thin film deposition. The laser beam occurs because of the thermal energy, 
and it produces a coherent, monochromatic high-energy beam of photons, which can be used 
effectively to drive the CVD reaction for the deposition of a thin film [76-78]. 
 
Photon CVD is another form of CVD. The chemical reaction that is driven by the photons 
which are usually ultraviolet (UV) radiation which has the necessary energy to break the 
chemical bonds among the reactant molecules for the deposition of thin films [79, 80]. 
 
Plasma-Enhanced Chemical Vapor Deposition (PECVD) is a form of CVD that is used to 
deposit thin film from the gaseous state onto a solid-state on the substrate [83].  Chemical 
reactions are involved in the process, which occurs after the creation of the plasma of the 
reactions and the subsequent deposition onto a substrate. Plasma-assisted or plasma-enhanced 
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CVD makes use of electrical energy, rather than the thermal energy that is used to initiate 
homogeneous reactions for the production of chemically active ions and radicals that can 
participate in heterogeneous reactions, which, in turn, leads to layer formation on the substrate 
[83].  
 
A major advantage of PECVD over thermal CVD processes is that the deposition can occur at 
very low temperatures, even close to ambient, which thereby permits temperature-sensitive 
substrates to be used [81-83]. 
Other notable deposition techniques that use the CVD reaction principle of operation are metal-
organic vapour phase epitaxy, metal-organic CVD, pyrolysis, atomic layer deposition, 
reduction, oxidation, compound formation, and reversible transfer. Some CVD processes can 
also be carried out in atmospheric pressure, and this is known as atmospheric pressure CVD or 
APCVD.  APCVD is commonly used to form SnO2 on hot glass by using SnCl4, or monobutyl 
trichloride and dopants to make the coating on the surface [33, 84]. The advantage of the CVD 
process compared to other deposition processes, such as evaporation, and sputtering is that it 
is capable of producing thin films of a wide variety of materials with precisely defined and 
highly reproducible electrical, optical, chemical, and mechanical properties [72]. To conclude 
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Table 2.1 Overview of differences between the PVD and CVD processes 
 PVD CVD 
Deposition temperature Low temperature around 
250 0C to 450 0C 
High deposition temperature 
in the range of 500 0C to 
1000 0C 
Coating material Solid form Gaseous and solid form 
Method Atoms are moving and 
depositing on the substrate 
The gaseous molecules will 
react with the substrate 





Coating thickness Thin coating Thick and thin coating 
Coating stresses Compressive stress Tensile stress 
Coating distribution Line of sight process, non-
uniform coating 
Good throwing power, 
uniform coating 
Cost Cheap Expensive 
By-product Non-toxic  Possibility of toxicity of 
precursors 
 
2.2.3 NUCLEATION AND GROWTH METHOD (EPITAXY AND 
TOPOTAXY) 
Frequently, the properties of thin film are affected by the underlying properties of the substrate, 
and they can vary drastically, depending on the thickness of the film and the deposition 
techniques employed for the deposition. There are three major steps required in thin film 
growth and nucleation. The first step requires the creation of the deposition species i.e. the 
substrate and the target material, followed by the transportation from the target to the substrate, 
using any deposition technique, and the final stage involves the growth of the target on the 
substrate to form a thin film. The atoms from the target impinge, and they are either being 
reflected immediately from the substrate, or they evaporate again, after a residence time, or the 
atoms condense on the surface of the substrate depending on numerous factors, like activation 
energy, binding energy between the target and the substrate, and the adhesion coefficient [65]. 
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The ratio between the condensing atoms to the impinging atoms is called the sticking 
coefficient [65].  
 
During this process, the atoms lose energy, and they might not immediately react with the 
substrate. They would have some mobility over the surface before condensation, and these 
mobile atoms are referred to as adatoms which is a portmanteau for absorbed atoms. The energy 
lost during the condensation of the atoms on the surface could either be by a chemical reaction 
with the substrate atoms, the collision of the diffusing surface atoms, finding preferential 
nucleation sites, or by the collision of the adsorbed surface species [66].  
 
If the surface mobility is low and the atom to atom interaction is strong, each atom can serve 
as a nucleation site for growth, but when the adatom surface interaction is feeble, the surface 
mobility of the condensing adatom would be high, and this has resulted in condensation at 
preferential nucleation sites, where there is stronger bonding either due to an increase in the 
coordination number, or a change in the elemental or electronic chemistry. The condensing 
atoms react with the surface to form atom to atom chemical bonds. The chemical bonding may 
be an electrostatic attraction (van der Waals forces) due to the polarization of the atoms, 
metallic (homopolar) bonding, where the atoms share their orbital electrons, or they may be 
electrostatic (Coulombic heteropolar), where the ions are formed due to electron loss or gain 
[66]. 
 
If the resulting chemical bond between the condensed atom and the surface is strong, the atom 
is said to be chemisorbed [65]. These adatoms can be transformed into nuclei by the 
conglomeration of numerous adatoms, and this then has resulted in a continuous thin film. Due 
to the nature of the deposition, the resultant nuclei, formed at the initial stage, are often 
thermodynamically unstable, and they might desorb with time, depending on the deposition 
parameters used. After a while, the clustered nuclei reach a critically safe size, and they then 
become thermodynamically stable, and the nucleation barrier is said to have been overcome. 
This process, involving the transition from a thermodynamically unstable condition to a 
thermodynamically stable condition, in which stable, critically sized nuclei are formed, is 
called the nucleation stage [64-66].  
 
The critical nuclei grow in number as well, as in size, until a saturated nucleation density is 
attained. The nucleation density and the average nucleus size depend on the number of 
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deposition parameters, such as the temperature of the substrate, working pressure, adhesion 
properties, binding energy between the target and the substrate, the energy of the impinging 
species, the rate of impingement, the activation energies of adsorption, desorption, thermal 
diffusion, topography, as well as the chemical nature of the substrate.  
 
A nucleus can grow in two modes: parallel and perpendicular modes, depending on the 
configuration of the substrate and the target, and the two scenarios can be experienced in a 
single deposition. Parallel growth has occurred on the substrate by surface diffusion of the 
adsorbed species, and perpendicular growth is caused by the direct impingement of the incident 
species [87]. However, the rate of lateral growth at this stage is much higher than the 
perpendicular growth, and the grown nuclei are called islands. In the coalescence stage, small 
islands start coalescing with each other on the surface of the substrate - in an attempt to reduce 
the substrate surface area and to replace it with the thin film coating. This results in the 
formation of bigger islands, and the process is called agglomeration. The agglomeration 
process is enhanced by increasing the surface mobility of the adsorbed species (adatom), for 
example by increasing the substrate temperature [87].  
 
In some cases, the formation of new nuclei may occur on areas freshly exposed, because of 
coalescence. Larger islands grow together, leaving channels and holes of uncovered substrate. 
The structure of the films at this stage changes from a discontinuous island type to a porous 
network type. Filling of the channels and holes forms a completely continuous film [24, 64, 65, 
85, 86]. 
 
The nucleation mechanism of the thin film growth has been classified into three major types, 
depending on the interaction between the deposited atoms of the target and the surface of the 
substrate, as shown in Figure 2. 4 [28], which was developed by Lewis and Anderson in their 
studies of evaporated films [87-90]. These are; 
• The Van der Merwe, or island growth mechanism - This growth can be noticed when 
the adherence between the atom to atom is greater than the bonding between the 
substrate and the adatoms. Groups of stable adatoms accumulate and coalesce on the 
surface, and they grow in three dimensions to form islands. 
• Volmer Weber, or the layer mechanism - This occurs when the adhesion between the 
atoms and the surface is greater than the adhesion between the atom to atom. The film 
 
25 | P a g e  
 
grows layer by layer on the surface of the substrate, and this can be used for forming a 
dense coating 
• Stranski- Krastanov (S-K) mechanism- The SK mechanism combines both island and 
layer growth mechanisms. The adatoms begin to accumulate, and they form islands 
after the initial layer has been formed. 
 
 
Figure 2. 4 Different growth modes of thin films [30] 
 
2.2.4 STRUCTURE ZONE MODEL (SZM) OF THE THIN FILM 
After film growth and nucleation, the surface morphology and the microstructure can be 
described by using the structural zone model SZM. The SZM of the thin film is related to the 
mobility of the adatom during its growth. Chemical reaction, ionic bombarding and thermal 
effect are the sources of atomic energy during the film growth. The primary parameter 
determinants for SZM models are the temperature of the substrate, the working pressure of the 
deposition technique, the power supply to the target, the bias voltage applied to the substrate, 
the gas flow and the thermal characteristics of the target [91].  
 
The first SZM was proposed by Movchan and Demchishin in 1969 [91]. The Movchan and 
Demchishin SZ model only consists of three distinct zones. These are named Zone 1, Zone 2 
and Zone 3, as shown in Figure 2. 5 A. These zones were established on the relationship 
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existing between the film structure and the ratio of the temperature of the substrate T to the 
melting point of the target material Tm. Three distinct zones were noticed, as the ratio T/Tm 
known as the homologous temperature increases.  
 
Zone 1 is formed when the ratio is below 0.3, at which the temperature of the adatom energies 
is not high enough to overcome the shadowing effects from any substrate irregularities, thereby 
causing insufficient surface diffusion. The dominant growth mode is called the island 
mechanism. The grains formed in zone 1 are small and elongated, with columnar structures of 
porous morphology, and they are weakly bonded together. The low rate of diffusion, the low 
mobility of the adatom by the substrate surface, together with the atomic shadow effect, which 
are produced by varying the velocity in the growth columns and the angle of the incidence, at 
which point, the atoms from the target reach the surface of the substrate, and they are 
responsible for the columnar structure in this zone. In zone 2, the ratio of the T/Tm ranges from 
0.3 to 0.5. The surface appears to be more uniform, with a smooth and immaculate appearance, 
as the substrate temperature increases homogeneously. The diffusion of the adatoms dominates 
in zone 2, and the denser columnar crystalline structure is formed with a higher degree of 
bonding between the columns and the borders between the columns, with the border grains are 
beginning to grow [88].  
 
The size of the grains can be increased in zone 2, and the grains can be extended in equiaxed 
form from the substrate interface to the film structure [86]. Zone 3 represents the region above 
the ratio of 0.5 for T/Tm. Volumetric diffusion processes, such as annealing, and 
recrystallization have a great influence on the morphology of film growth in this region. Due 
to the occurrence of bulk diffusion occurrence in this zone into the grains, it leads to the 
formation of equiaxed grains and re-crystallization, and it produces the growth of the grain. 
Zone 3 determines the final structure of the film and produces a greater crystalline 
structure[86]. 
 
This model was later modified and extended by Thornton, to four distinct zones in 1977 [92, 
93]. Thornton added an additional zone to the above-listed zones that accounts for the effect of 
the gas pressure during the deposition shown in Figure 2. 5 B. Thornton observed that the final 
working gas pressure can change both the kinetic energy of the ions that arrive at the substrate, 
as well as the mean free path of the particles, which allows for an increase or a decrease in the 
 
27 | P a g e  
 
bombardment of the surface of the substrate, and this in turn determines the mobility of the 
adatoms on the surface [92-93].   
 
A transition zone (Zone T) was introduced between zone 1 and zone 2. Zone T is formed by 
those grains that are defined by the limits of the low porosity. This zone is characterized by a 
structure with dense poorly defined fibrous grains [50, 86, 94, 95]. 
 
 
Figure 2. 5 (A) Movchan and Demchishin Structure Zone Model SZM, (B) Thornton 
Structure Zone Model SZM [95] 
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2.2.5 THIN FILMS APPLICATIONS 
Coating techniques are now being used in virtually every area of technology, and they have a 
wide diversified area of applications, which would include: gas sensors, automotive, aerospace, 
missile, power generation, electronics, solar, medical equipment, biomedical, textile, 
petroleum, petrochemical, chemical, steel, power, cement, machine tools, as well as in the 
construction industries. Coating application is gaining momentum exponentially, since it is 
impelled by its advantages, such as longer shelf life, attractive surface finish, colours and 
scratch-resistance over conventional electroplating methods, and other types of surface 
modifications [96].  
 
According to Pulidindi and Pandey [96], the market size forecast for coating demand will grow 
to USD 47 billion by 2024. The thin film coating applications have also grown exponentially, 
and this has now become an integral part of both industrial and research applications. Figure 
2. 6 shows the application of thin film coatings on some industrial components and devices. 
The deposition of thin films can render a material multi-versatile, and it can expand the range 
of applications by improving the surface properties.  
 
 
Figure 2. 6 Application of thin film coating on industrial and domestic devices (A). Coated 
dental implant (B). Coated bone implant (C).  Coated sunglass (D). Anti-reflective coated 
solar panel (E). Coated electronic panel (F). Thin film lithium battery [9, 66, 96, 97] 
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They are being used to develop a wide range of advanced functional properties, including 
physical, chemical, electrical, electronic, magnetic, mechanical, wear and scratch-resistant, as 
well as corrosion-resistant properties at the required substrate surfaces. Almost all types of 
materials, including metals, ceramics, polymers, and composites, can be deposited onto similar 
or dissimilar materials. It is also possible to form coatings of advanced materials, newer 
materials, graded deposits, meta-materials, multi-component deposits and hybrid coating 
materials depending on the area of application [96].  
 
The applications of thin films may be grouped under the following generic categories: 
 
• Electrical and Electronic Functional - The production of electronic components, such 
as semiconductors, single and multilayer metal conductor films and micro-electronic 
integrated circuits have certainly found vast and demanding applications for thin films 
deposition. Industrial automation and the manufacture of high-end vehicles have 
increased the adoption of integrated circuits in these fields. The escalating electrical 
and electronics industry will ramp up coating equipment and the market demand. 
Compound conductor films for semiconductor, dielectric and insulating material as 
well as metal refractory silicide conductors, have also benefited immensely from thin 
film deposition. The fabrication of electronic displays requires conductive and 
transparent films, luminescent or fluorescent film as well as dielectric and insulating 
layers [26, 47].  
Another leading application of the coating in the electronic world is for the smartphone 
application. Smartphone makers are foraying into the manufacture of the premium 
category of smartphones, which require a luxurious external body display. This, in turn, 
should stimulate the thin film coating market demand, as well as the tendency to be 
integrated into a permanent market. 
Another important application is in the development of the hydrogen fuel cell for the 
electrochemical system. Hydrogen fuel cells are promising for the development of 
autonomous systems based on renewable energy and hydrogen supplies (such as atomic 
energy and metallurgical instruments), alternative power supply systems, and different 
modes of transportation [97]. 
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• Mechanical, Chemical and Tribology Functional - The tribology resistant and corrosion 
performance of components can be improved by coating the surface of the component 
with thin film coatings of carbides, silicides, nitrides, and borides, respectively. These 
coatings are being used in tool production, the area with sliding friction, like bearings 
and machine parts [69]. It provides a coating to engine components such as valve train 
components, and it drives train components, piston pins, piston rings, and gears that 
reduce friction and wear between the parts, resulting in better efficiency and improved 
performance of the engine. In recent times, more attention and interest has been given 
to films of diamond-like carbon, due to its capability to dissipate heat, hardness, 
electrical insulation, and strong resistance to high-temperature and to high-energy 
radiation. It is also used for biomedical applications to enhance proper osteointegration 
and adhesion properties [69]. Other mechanical and chemical applications include 
catalytic coating, gas sensor, photocatalytic coatings, thin film electrolytes, organic 
materials, lubrication films, nanocomposites, diffusion barriers, medical equipment and 
hard coatings. 
 
• Optical and Energy-related Functional - Thin film coating is essential for optical 
coatings. It is used to filter interference on solar panels, and it acts as an antireflection 
substance. Thin films, with appropriate refractive index gradients, are being used on 
optical fibres, to improve the refraction and the absorption coefficients performance 
[98]. High reflective coatings that can withstand the extremely high radiation intensities 
without being degraded and failing when in use, are needed for laser optics, and they 
are being achieved by the deposition of thin films metal reflective coatings with 
excellent properties. Infrared reflecting coatings are also applied to filament lamps, to 
increase the luminous flux intensity.  The commercial demand for thin film coatings is 
also on the rise in the optical data storage devices, like computer memories and storage 
disks. They serve as a protective coating on the surface, and they can act as a shield 
against temperature increase [9, 66].  
Thin film coating has also been applied in making thin film batteries, thermoelectric 
thin films and thin film fuel cells etc. Another important application is in the 
development of hydrogen fuel cells for electrochemical systems. Hydrogen fuel cells 
are promising for the development of autonomous systems based on renewable energy 
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and hydrogen supplies (such as atomic energy and metallurgical instruments), 
alternative power supply systems, and different modes of transportation [66].  
 MAGNETRON SPUTTERING  
Magnetron sputtering was first suggested and developed by a Dutch physicist, F. Penning, as 
early as 1935, for the deposition of thin films [15, 26]. Extensive work was done in studying 
and improving the system further in the 1960s and the 1970s. Due to its several deposition 
advantages over the conventional sputtering process, magnetron sputtering has gained 
unprecedented growth over time, and it has been vastly used not only for industrial applications 
but also for science and technology research. Since its development, researchers have 
developed different configurations of the system, in order to optimize the process, and they 
have achieved wide experience in the deposition of thin films. That includes RF magnetron 
sputtering, DC magnetron sputtering and reactive sputtering, which was explained in the earlier 
part of this chapter.  
 MAGNETRON SPUTTERING PARAMETERS 
The properties of thin film coatings, such as thickness, structural morphology [98, 99], degree 
of crystallinity, or the amorphous structure [100], composition profiles for hybrid film and 
surface reconstruction [101], film roughness [102-104], grain-size distribution [105], types and 
concentrations of defects and chemical, mechanical and optical properties of the thin films 
[106-108] are influenced by the configuration of the sputtering system, as well as the sputtering 
process parameters. These process parameter factors include substrate holder geometry, 
sputtering bias potential and the current, the vacuum pressure, the system temperatures (i.e., 
substrate and material flux temperatures), the angular configuration of the deposition material 
to the substrate, the sputtering power, the deposition time, and the substrate-target distance [25, 
85, 106, 109-111]. The properties of the thin films can be adjusted and modified, by optimizing 
the sputtering process parameters, and by allowing materials with the desired and specific 
properties, to be produced.  
2.4.1 EFFECT OF VACUUM PRESSURE 
The vacuum level is one of the most basic and important parameters in the PVD process. 
Uniformity of film thickness is related to the probability of materials colliding with the residual 
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and process gases in the path to the substrate [114]. For example, in a PVD configuration where 
the distance between the substrate and the target is around 760 mm, when the pressure is 
changed from 0.01 to 0.03 Pa, the optical thickness variation of the centre and the edge of the 
fixture can be changed by 1% for every 10% pressure change. Therefore, it is possible to 
improve the film thickness uniformity by improving the quality of the vacuum [112].  
 
Studies [113, 114] reported that an increase in vacuum pressure (between 0.4 -1.0 Pa) has little 
or no significant effect on the deposition rate. At low pressures, the mean free path of the 
adatoms is large, thereby, increasing the collision energy between the particles. This causes a 
resputtering effect and changes in the ratio of the target composition [115]. At elevated 
pressures above 1 Pa, the deposition rate decreases, due to the short mean free path. Several 
collisions of the sputtered particles from the target occur before reaching the surface of the 
substrate, thereby causing scattering of the sputtered particles. Increasing the vacuum pressure 
causes the gas to scatter and the rate of collision of the adatoms also increase, and hence, there 
is a decrease in the probability of a sputtered atom depositing on the substrate [115].  
 
This effect is particularly significant at pressures higher than 1.0 Pa, and above [25, 116-119]. 
The vacuum pressure can also influence the residual stress in thin films. The residual stress in 
thin films can transition from compression to tensile by increasing vacuum pressure [122]. The 
rise in pressure also reduces the intensity of XRD diffraction peak and geometry of the surface 
morphology. This phenomenon was reported by Hongchao et al [120]. Higher pressure means 
more frequent collisions of the sputtered atoms with the background gas and the loss of energy. 
Therefore, the energy of the atoms arriving at the substrate is lower, resulting in lower adatom 
mobility, thereby producing films with a porous microstructure at low substrate temperatures. 
2.4.2 EFFECT OF THE SUBSTRATE TEMPERATURE 
The effect of the substrate temperature denotes the thermal effect on the film growth. The 
distribution of the substrate temperature in a vacuum chamber is often uneven due to the 
placements of the heat sources in the vacuum chamber [114]. Typically, the temperature 
difference between the centre and the edges of the fixture can be up to 300C [112]. Thus, due 
to the difference in the condensation, films tend to be thinner at places of higher temperature 
compared to films at places of lower temperature. Therefore, the temperature field distribution 
in the vacuum chamber should be controlled appropriately [121]. Any increase in the substrate 
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temperature is associated with an increase in the mobility of the adatoms, together with rapid 
ion bombardments and higher deposition energy under longer periods, which allows particles 
to find energetically favourable positions, resulting in the formation of a film with larger grains 
(often columnar) [113, 116]. Zhang et al [106] reported in their work that at elevated 
temperature, there are both smaller grains and very large grain sizes as a result of temperature 
gradient in the coatings. This might be due to the fact that the sputtered atoms migrate distantly, 
and thus, a denser film with larger grains and fewer defects can be obtained at higher 
temperatures.  
 
At low temperatures, the absorbed atoms on the substrates have low kinetic energy and they 
do not enter the lattice positions, thereby resulting in films with smaller grains or disordered 
structures with avoid. As the substrate temperature increases, the kinetic energy and the surface 
mobility of the adatoms increases, consequently, a preferential growth model becomes more 
and more obvious, and the intensity of the crystallinity of the film coating increases [106]. 
2.4.3 DEPOSITION TIME 
It is thought that the deposition time has a direct linear relationship with the deposition rate, 
the film morphology geometry and the thin film thickness. Under the same sputtering 
conditions, increasing the deposition time causes a direct increment in the film thickness [122]. 
Hangchao et al [120] reported that the film thickness increase were 20, 40 and 60 nm for 2, 4 
and 6 deposition minutes, respectively. The stress in the film changes from tensile to 
compressive as the deposition time and thickness increase. Also noticed was that the 
morphology becomes symmetry. The pores and cracks decrease as the deposition time 
increases. In the same research, the number of platelets embedded in the matrix of the surface 
morphology decreases significantly, as the time increases from 2 to 6 minutes. Films prepared 
for longer times show a pronounced crystallinity, with thicker and larger grain sizes. Longer 
deposition times improve the diffusivity of the adatoms in the substrate, while cluster formation 
and agglomeration of the small grains, increases the grain size [85].  
 
A change in the deposition time affects the changes in the sputtered particle flux density and 
the pressure reduction in the region near the magnetron cathode, due to the energy dissipated 
from the sputter ejected atoms within the gas. Whilst, an increase in the deposition time can 
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also lead to certain rarefaction of the discharge gas near the target, and consequently, it 
increases the mean free path of the sputtered atoms [116]. 
 
Camacho et al [122] also reported the correlation between thin film thickness and deposition 
time. Increase in deposition time results in an increase in coating thickness, improvement in 
the film crystallinity and surface diffusion of the adatoms. Ghorannevis et al [123] in their 
research found that increasing the deposition time results in the higher crystallinity, thicker 
and larger grain size sample. The increase of the grain size could be attributed to the 
improvement of crystallinity and an increase in the cluster formation, which leads to the 
agglomeration of small grains. These agglomerated grains coalesce together resulting in the 
larger grains formation with better crystallinity. 
2.4.4 TARGET-SUBSTRATE DISTANCE 
The target-substrate distance plays a crucial role in determining the deposition rate and the size 
of the grains of the thin film and the geometry of the coating. According to a study reported by 
Alexeeva et al [97], decreasing the distance between the target and the substrate resulted in 
higher deposition rates and an increase in the grain size from 3.8 to 5.9 nm. The target-substrate 
distance affects the behaviour and the movement of the gas phase scattering, as the coating 
atoms are transported through the vacuum chamber [113]. An increase in the distance affects 
the crystallinity of the films, due to reduced exposure of the substrate to the plasma, 
subsequently lowering the substrate temperature, a preponderant factor in the film 
crystallization process [25].  
 
The larger the distance between the target and substrate, the thinner the film, and the greater 
the uniformity of the film thickness [116, 124]. The number of argon ions and target energy 
that reaches the substrate can also be controlled by the target-substrate distance. For small 
target-substrate distances, the substrate is more exposed to energetic particles and argon ions, 
thereby causing the degradation of the film surface and a higher level of roughness. As the 
distance increases, the bombardment of the adatoms causes the argon ions to lose its collision 
energy, consequently resulting in the uniform surface morphology of the thin film, with low 
surface roughness and minimal defects [25]. 
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Iriarte et al  [125] in their study titled effect of substrate-target distance and sputtering pressure 
in the synthesis of AIN thin films concluded that the resulting characteristic feature of the thin 
film grown by reactive sputtering is very sensitive to target to substrate distance. Target 
substrate distance affects the thickness as well as uniformity of the thickness for the film. Other 
than thickness, the target substrate distance also affects the minimum power required to obtain 
the plasma and hence, the power density at the target. This will also affect the thickness of the 
film. Sreenivas and Sayer [126] reported that if the substrate to target distance is very small  
(range of 2 to 4 cm), there can be excessive bombardment on the substrate and can affect the 
stoichiometry. Increase in deposition distance of the target-substrate between 8-to 10 cm, helps 
in thermalizing the ejected species from the target, and provides much better reactivity between 
the ejected species, and helps in maintaining the stoichiometry in the deposited layer. Roger et 
al [127] confirmed that as the target to distance varied, the microstructure of ZnO films was 
also varied by the stress with a little change in crystal orientation and improvement in the film 
crystallinity. High-quality films were confirmed between 3 to 9 cm of the target to substrate 
distance. Wuhrer and Yeung [128] deposited nanostructured titanium aluminium nitride 
coatings by varying the target to substrate distance. It was found that the target–substrate 
working distance showed significant effects on the microstructure and property development 
of the coatings. With a smaller working distance, densified, nanostructured ternary nitride 
coatings with substantially higher hardness were produced. 
2.4.5 SPUTTERING BIAS POTENTIAL AND CURRENT 
The substrate bias is responsible for creating an electric field between the substrate and the 
target when applied. This causes a faster acceleration of the argon ions to reach the substrate.  
This can either increase the compressive stress or decrease the tensile stress in the thin film 
[129, 130]. The bias voltage also influences the mechanical properties of the thin films; for 
example, with a voltage (≥100V) applied to the substrate, the deformation of the lattice 
increases, causing thereby high residual stress and low adherence between the substrate and 
the film [86]. The mechanical properties (hardness and Young’s modulus) tend to decrease 
with an increase in the bias potential [131], while a higher sputtering current is known to 
increase the particle size of the coating, because of the improved coalescence. This was 
confirmed by the work of Alexeeva [97]. Any variation in the sputtering bias voltage strongly 
modifies the deposition rate, the film structure and the surface morphology. A high bias voltage 
is known to reduce the deposition rate because of the resputtering effect and the densification 
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of the crystal structures. The resputtering effect is caused by the kicking off of the adatoms on 
the growing surface by incoming ions. This phenomenon also affects the thin film properties, 
such as hardness, Young’s modulus and grain size [25, 132, 133].  
 
The target composition can be altered by optimizing the sputtering current [115]. The 
sputtering current is a function of the sputtering power. As the target power is increased, the 
number of arriving atoms, energetic neutrals and ions all increase at the substrate [130]. The 
ions and the energetic neutral adatoms provide additional energy to move the sputtered atoms 
around on the surface of the substrate, which affects the properties of the coating. The numbers 
of ions arriving at the substrate manifest themselves, as the sputtering bias current, and, as the 
sputtering rate increases, the current density of the substrate also increases [134].  
 
The bias voltage of the substrate has the same effect on the mobility and the adsorption of the 
atoms, as does an increase in the temperature. So, when it is increased, the T zone of the SZM 
increases and the first zone decreases, resulting in denser thin films with a high degree of 
crystallinity [130]. 
2.4.6 SPUTTERING POWER 
The plasma formation, the bombardment of the target and the coalescence of the adatoms on 
the surface of the substrate depending on the sputtering power. The sputtering power is directly 
proportional to the deposition rate. As the power increase, the deposition rate, as well as the 
adatoms mobility energy of the ions that are bombarding the substrate also increases, and 
therefore, they improve the mobility of the adatoms, which produces the chemical reactions, as 
well as the atomic grouping along the planes with the higher surface energy, thereby generating 
denser films with a high degree of crystallinity [135].  
 
An increment in the sputtering power yields more and faster bombardment of the energetic 
adatoms on the growth surface, thereby resulting in the formation of nuclei, a change in the 
crystallographic orientation and a change in the thin film phase structure [113, 114]. During 
the sputtering process, the kinetic energy of the sputtering species is converted into thermal 
energy at the substrate, and this promotes improved electron mobility, which is responsible for 
the crystallization at high power [85]. The sputtering power transfers its high energy to the 
growing film by energetic bombardment so that the considerable activation energy needed for 
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the crystallization of the film is transferred to the surface during deposition. As the sputtering 
power increases, so does the kinetic energy of the sputtering ions, and hence, the thermal energy 
attained by the samples increases, which results in better crystallinity [116, 124, 135, 136]. At 
high power, the film grows with a high degree of crystallization. The correlation between 
sputtering power and the crystalline behaviour of the thin film can be explained by using the 
energy model. The energy available for an adatom diffusing on the substrate surface is an 
important parameter with regard to the morphological and structural properties of a thin film. 
The energy influx controls the plasma density and influences the material properties since the 
surface atomistic processes such as diffusion, island growth and crystallization, or phase 
transformation strongly depend on the energy available at the substrate surface [137]. The 
energy available can be modified by varying the sputtering plasma and other sputtering process 
parameters.  
 
Since increasing the power on the target implies increasing the energy of the ions that are 
bombarding the substrate, this leads to an improvement in the mobility of the adatoms, which 
produce chemical reactions and atomic grouping along the planes with the higher surface 
energy, subsequently resulting in the generation of thin films with a high degree of crystallinity 
[85]. 
2.4.7 SPUTTERING TARGETS 
The properties of sputtering targets have a great influence on the final coating properties. 
Depending on the application need, sputter targets can be selected from the various types of 
metallic element, the ceramic composite, the ratio composition, purity, thickness, size and 
shape. Various sputtering target configurations are available in the market. These include the 
planar target, the hollow cylindrical target and the conical target. The most common purchased 
will be the planar type. Usually, a planar sputtering target that is made of basic elementary 
materials, such as Al, Ti, Cu, Pt, Au and others, are commercially available all the time. 
However, custom-made targets from rare materials or of a specific composition can be made 
available. All the target elements are differentiated on the basis of the percentage of the purity 
scale. A target with higher significant figure (nearer to 100%) will generally provide a thin film 
of higher purity resulting from coating process [138]. 
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 Another significant factor that influences the quality of the thin film of the target is the 
percentage of porosity that is present in the sputtering target. Any target with a density below 
96 % will result in a series of pores interconnecting each other, ending as a porous thin film 
coating. This situation would contribute some virtual leaks, and it acts as a contamination 
source inside a vacuum chamber. Porous targets are able to absorb and hold water content from 
the atmospheric environment and they can introduce some processing difficulties during the 
fabrication process, such as a lengthening vacuum with time up to more than twice longer, and 
this would alter plasma resultant properties [138]. Any contamination in the target surface 
affects the overall deposition rate and the plasma density characteristics, due to dissimilarity in 
the secondary electron emission at the surface [28]. Proper thermal baking outside the chamber 
is often recommended to break any trapped unwanted moisture or gases, between the porous 
gaps on the sputter target. Typically, for non-conductor materials such as oxides composite, 
they are bonded with the copper (Cu) backing plate for heat and current dissipation purpose.  
 
During the fabrication process, high heat was produced due to vigorous ion bombardment on 
the sputter target inside the chamber. The copper backing plate provides a good thermal contact 
for heat dispersion between the coolant flows and the sputter target. If the target material is 
brittle, any failure in the cooling system would cause the target to expand, and thereby it 
introduces swelling or fractures. All sputter targets must be handled with high caution, which 
includes touching the surface of the targets with bare hands to avoid contamination of the 
surface with impurities and they should be placed in a dry cabinet or desiccator. In addition, 
before any fabrication process takes place, a sufficient amount of pre-sputtering practice inside 
the chamber is needed, in order to eliminate any form of a contamination layer on the target 
surface and improves surface adhesion.  
 
 FUNDAMENTALS OF PLASMA 
The use of the term "plasma" for an ionized gas started in 1927, with Irving Langmuir (1881-
1957). Plasma is a state of aggregation in which positive and negative charges in equal 
concentrations exist freely due to the ionization of the atoms at high temperatures [134]. It is 
also known as the fourth state of matter. Natural plasmas exist abundantly in the universe, as 
stars and in most of the interstellar matter. These plasmas are thermally in equilibrium, meaning 
that the temperature of the electrons (Tei), the temperature of the ions (Tin), and the 
temperature of neutral matter (Tnm) are the same [139].   
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For technologically relevant processes, utilized plasmas exhibit non-equilibrium behaviour 
with Ti << Te and they are divided into two groups as low- and high-pressure discharges. The 
kinetic temperature of ions/neutrals would be much less than that of the electron temperature 
because of the large mass difference. This mass difference allows electrons to experience a 
relatively large force, in comparison to ions, due to the presence of an external electric field. 
The state of any plasma can be characterized by the density of the neutral atoms, the electron 
density, and the electronic energy distribution, which can be approximated by an average 
electron temperature (Te). There are many PVD processes, in which plasmas are created and 
sustained, such as ionic plating, DC, and RF sputtering. All these techniques rely on the 
ionization of the working gas (most commonly argon) by energetic electrons in the chamber 
under suitable pressure. Plasma is needed to make the gas conductive, and the generated ions 
can then be accelerated to strike the target  
 
Therefore, it is necessary to briefly explain the formation and the different types of plasma. 
Extensive reading on the subject of plasma technology can be found in [140-145]. 
 FORMATION OF PLASMA 
This ionization effect for the formation of plasma can be carried out in many ways. The most 
important of these ways are briefly explained below namely: ionization by heat; ionization by 
radiation; and ionization by electrical discharge [146]. 
• Ionization by heat: All substances, if heated to sufficiently high temperatures, will 
become ionized. The process is termed ‘thermal ionization’. The thermal required is 
that of the energy required to remove the most loosely bound electron in the outer shell, 
and this is very dependent on the stability of that atom. Typically, the thermal 
requirements are in the order of several thousand degrees. Examples of such plasmas 
are the stars. 
 
• Ionization by radiation:  Ionization by radiation is formed through the bombarding of a 
gas by a continuous source. Typical sources are ultraviolet, but this type of plasma tends 
to be difficult to control, due to the recombination effects. Such plasma exists in the 
outer atmosphere of the earth (the ionosphere) and is formed and sustained by radiation 
bombardment from the sun. 
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• Ionization by electrical discharge: The most widely used and commonly encountered 
plasma is created by the ionization of an electrical discharge. These are seen naturally 
in the form of electric sparks and lightning, and in the industry, in the form of gaseous 
discharge devices. The production of this form of plasma is dependent on ionization 
through an electronic avalanching process. For this, the applied electric field must be 
large enough, so that the energy of an electron is more than the required amount to 
produce an ion-electron path in its mean free path. These secondary electrons produced 
in collisions are then accelerated by the electric field, and the avalanche begins. This is 
applicable in the magnetron sputtering system. 
 PLASMA GENERATION BY ELECTRICAL DISCHARGE 
In order to start a discharge, some charged particles are needed to start the process of ionization 
and the excitation of gas particles. This is provided to a large extent by weak background 
radiation from radioactive minerals, where some of the ionized molecules and free electrons 
exist, and to a less extent from cosmic rays. By applying an electric field these electrons gain 
enough energy for further ionization and the generation of secondary electrons, which in turn, 
contribute to creating a so-called Townsend discharge, with a relatively low but avalanching 
current, as represented in Figure 2. 7. If the current increases enough, exceeding the breakdown 
field for the gas, a glow discharge is obtained. In order to sustain the plasma, the regeneration 
of electrons is necessary [146].  
 
This is often the most important means of maintaining the plasma, as electrons lose their energy 
to the gas in ionizing processes, and they are eventually lost to the surrounding chamber walls. 
Electrons also lose energy by elastic collisions, transforming energy to neutral species, thereby 
putting them in an excited state, since not all collisions result in ionization and the generation 
of secondary electrons generation [139]. As a result, a range of kinetic energies is obtained for 
the electron population. 
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Figure 2. 7 Schematic of the Townsend discharge created by applying an electric field 
between two plates [141] 
 
Several methods exist to generate the plasma, all of which include an application of electrical 
power to the target. Radio Frequency (RF) and direct current (DC) sources are the two common 
industrial techniques used for generating plasma sources. The choice of the plasma source is 
often determined by the conductivity of the target material [2]. RF source can be used on any 
material, and a DC source is often used on conductive materials. In the magnetron sputtering 
technique, the plasma is confined to an area near the target, without causing damages to the 
thin film being formed.  Whilst, electrons travel for a longer distance, thereby increasing the 
probability of further ionizing of Argon atoms. This tends to generate a more stable plasma, 
with a high density of ions. More generated ions from the plasma source mean more ejected 
atoms from the target, thereby, increasing the efficiency of the sputtering process. The faster 
the ejection rate, the faster the deposition rate, hence, minimizes impurities that form on thin 
film, and the increased distance between the plasma and the substrate that minimizes the 
damage caused by stray electrons and Argon ions [2]. 
 STAGES IN PLASMA FORMATION 
During plasma formation, different plasma behavioural reactions occur from the beginning of 
the plasma for sustainability. These gas plasma stages can be divided into three different 
regimes, which include: the dark discharge, the glow discharge and the arc discharge shown in 
Figure 2. 8 based on the discharge current [147]. 
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• The dark discharge: When an electrical potential is applied between the two electrodes, 
a few electrons (present due to the background radiation) are accelerated towards the 
anode, with kinetic energy supplied by the difference in potential between the 
electrodes. Collisional processes (either elastic or inelastic collisions) between the 
energetic electrons and the neutral gas particles (gas atoms) can occur. If the electrons 
have sufficient energy, they can ionize neutral gas particles through inelastic collisions. 
The resulting electrons can take part in further ionization of the gas atoms. Gas ions 
would be accelerated towards the cathode, and as a result of their impact, electrons 
(often called secondary electrons), along with the atoms of the cathode materials, are 
ejected by the process of sputtering. The ejected atoms are, therefore, termed the 
sputtered atoms [143].  Initially, there is a very small current flowing due to the low 
number of charge carriers. This regime is called the Townsend discharge [148]. 
 
• The glow discharge: When enough secondary electrons are ejected to generate the same 
number of ions that are used to generate the secondary electrons, the discharge becomes 
self-sustaining. In this regime, gas breakdown occurs, and the voltage decreases 
suddenly, while the current increases rapidly. The plasma starts to glow, and this regime 
is called the normal glow [148]. Any further increase in the voltage would result in a 
corresponding increase in the current density, which would result in an increase in the 
discharge power. The ionic bombardment would cover the whole cathode surface, and 
at this point, a transition to a new regime occurs, which is called the abnormal glow 
[148]. The process of sputtering belongs to the abnormal glow discharge. 
 
• The arc discharge: When the temperature and power density is sufficiently high for 
thermionic electron emission, the voltage drops suddenly while the current density 
becomes very high and the glow discharge changes to an arc discharge. Similar 
conditions are observed in discharges that use cathode materials with low work 
functions, such as oxide cathodes, or discharges with externally heated cathodes. Oxide 
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Figure 2. 8  Different stages of plasma discharge generation [143] 
 TITANIUM AND ITS ALLOYS 
Titanium was once considered a rare metal, but nowadays, it is one of the most important metals 
in the industry. Being a transition element, titanium has an incompletely filled d-shell in its 
electronic structure [149]. In the elemental form, titanium has a high melting point (1668oC), 
and it possesses a hexagonal closely packed crystal structure (hcp) up to a temperature of 
882.58oC and it then transforms into a body-centred cubic structure (bcc) above this 
temperature [150]. Titanium alloys may be classified as α, near α, α+ β, metastable β, or stable 
β, depending on the room temperature microstructure and the alloying elements[151]. In this 
regard, the alloying elements for titanium fall into three categories: (1) α-stabilizers, such as 
Al, O, N, C; (2) β-stabilizers, such as Mo, V, Nb, Ta (isomorphous), Fe, W, Cr, Si, Co, Mn, H 
(eutectoid); (3) neutrals, such as Zr.  
 
The α and near- α titanium alloys exhibit superior corrosion resistance, but they have limited 
low-temperature strength. In contrast, the α+ β alloys exhibit higher strength, due to the 
presence of both the α and β phases. The properties of the materials depend on the composition, 
the relative proportions of the α and β phases, the thermal treatment, and the thermomechanical 
processing conditions. The β alloys also offer the unique characteristic of a low elastic modulus 
and superior corrosion resistance [152, 153]. Figure 2. 9 illustrates an overview of different 
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titanium alloys and their distinct properties, from density to response to heat treatment 
behaviour, the strength to weight ratio, the strain rate sensitivity, the weldability and the 
machining response.   
 
Titanium and its alloys are reactive materials, and they possess the ability to form a native 
protective oxide layer spontaneously when titanium reacts with the oxygen atom in the 
atmospheric air [152, 153]. 
 
 
Figure 2. 9 Overview of variants of Titanium and its alloys [145] 
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Due to all these significant characteristics of titanium and its alloys, it has become one of the 
leading and most attractive materials used for several applications. In biomedical applications, 
titanium and its alloys have become the material of choice [149]. Stainless steel and cobalt 
alloys have also been used for biomedical implants, but tend to react with the body fluid which 
usually leads to corrosion of the material, and this results in damage to the tissues [154]. The 
main features that make titanium and its alloys to be distinguished and further biocompatible 
with other materials in the spectrum of biomedical applications include the following; low level 
of electronic conductivity, high corrosion resistance, thermodynamic state at physiological pH 
values, low ion-formation tendency in aqueous environments, isoelectric point of the oxide, 
whilst titanium has a dielectric constant comparable to that of water, with the consequence that 
the Coulomb interaction of the charged species is similar to that in water [154-157]. 
Commercially pure titanium (CpTi) is largely used for dental implants, due to its resistance to 
body fluids, the surface properties behaviour in the spontaneous build-up of a stable and inert 
oxide layer and its biocompatibility[158, 159].  
 
Titanium alloys grade 5 (Ti6Al4V) have made a substantial impact in the orthopaedic and 
prosthesis development[160, 161]. In addition to its lightweight (only 60% density of steel), 
good biomedical compatibility, it is beneficial for bone cells attachment. The main reasons for 
titanium usage in the body are due to its biocompatibilities of no toxicity, no dissolution, good 
adaptability to the tissues, no biodegradation, and no decomposition in the human body [157]. 
Also, titanium has very good mechanical tensile strength, compressibility, ductility, sufficient 
fatigue strength, high elongation, as well as bending and shearing abilities[162]. Another 
industry in which titanium has been widely utilized and exploited is the aerospace and aviation 
industries because of their high strength to weight ratio, favourable working temperature, 
composite compatibility with polymers, good damage tolerance, mechanical properties and 
excellent corrosion resistance[163, 164].  
 
The focal point usage of titanium in the aerospace industry is the fan turbine blade, tubes, 
missile fins and airframes for applications on advanced aircraft and spacecraft[165, 166]. Other 
prominent industrial applications of titanium alloys are the automobile industry [167], the 
marine industry [168] and space applications [169]. More reviews on the application of 
titanium can be found in [154, 163, 165, 167-170].  
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 THIN FILM COATING OF TITANIUM AND ITS ALLOYS 
Although titanium possesses good mechanical properties and corrosion resistance, 
nevertheless, titanium and its alloys exhibit some weaknesses and limitations such as the stress 
shielding phenomenon, biomechanical compatibility, reduced bio-functional application or 
osseointegration and low abrasion resistance[171-173]. Titanium alloys are considered to be 
reactive materials and they often generate a protective layer spontaneously, when exposed to 
ambient atmospheric conditions. This inhibits the propagation of corrosion in the presence of 
oxygen. However, in an anhydrous condition, it loses its ability to regenerate the protective 
oxide film, and this results in corrosion. With all these limitations, it is important to protect the 
surface properties of titanium alloys, with none or a minimal change to the overall bulk 
properties of the material. Coating the surface with nanoscale or nanostructured materials in 
the form of a thin or thick film is a potential way of mitigating these shortcomings, since 
nanostructured materials increase the performance of the material, with improved mechanical 
and surface properties, and consequently, they enhance the yield of the surface reactions of 
interest [169]. 
 
Many techniques have been developed to curb these demerit factors, thereby limiting the 
potential failure of titanium and its alloys. Surface modification and surface coating are the two 
distinct techniques used for addressing, modifying and improving the challenges of surface 
properties without leading to any major alteration in the bulk properties. 
 
The selection of coating methods depends on the area of application and the properties of the 
coating materials. For biomedical implants, the surface roughness of titanium plays a major 
role in the adhesion, bonding and stiffness discrepancy between the implants and the bone 
tissue[174, 175]. It has been reported that increasing the surface roughness of implants results 
in higher micromechanical retention than for smooth surfaces [176, 177]. Higher surface 
roughness implies more pores on the surface, which in turn, enhance the bio-osseointegration 
interaction of the bone and the implants [162, 177].  
 
Bioactive materials are largely used for biomedical coatings. Hydroxyapatite, HA, is the most 
popular used bioactive material due to its exceptional properties, like corrosion resistance, 
biocompatibility and bioactivity, and to the meagre contaminants [172]. The coating can either 
be a unitary coating, i.e. a single-layer coating or a hybrid coating, where two or more different 
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materials are coated on the surfaces. Electrodeposition, micro-arc oxidation, electrophoresis, 
the sponge-replication process, sol-gel and sputtering have all been employed for producing 
both single layer and hybrid coatings [178-181].  
 
Christelle et al. in 2008 investigated hybrid coating on titanium using electrodeposition. It was 
discovered that the hybrid inorganic/organic coating was successfully deposited without the 
presence of foreign contaminants. The optimization of the coating process allows the 
achievement of an adherent, homogeneous and protective film of tantalum oxidized on its 
surface (Ta2O5). It was also revealed that modifications with organo-phosphorus acids allow 
the surface functionalization with quite acceptable coverage regarding the complicated 
structures of these molecules, better corrosion resistance when compared to that of the single-
layer coating and decreases in the contact angle[181]. Titanium oxide, which is the protective 
coating that occurs naturally on titanium, was produced via the micro-arc oxidation, and HA 
was deposited on it by using a combination of plasma electrolysis and electrophoresis to form 
a hybrid coating by Nie et al [174]. Their findings revealed that hybrid combination of micro-
arc oxidation and electrophoretic deposition can provide a phase-pure HA top layer and 
anticorrosive TiO2 interlayer, hence, show good mechanical and biochemical stability in the 
corrosive environment of the human body [179]. Their findings also agree with the observation 
from Jong-Hoon Lee et al which proved that a hybrid coating improves the osteoblastic activity 
of titanium[180]. A hybrid coating of hydroxyapatite and titanium grew by sol-gel shows 
improvement in the bonding strength and cell attachment density when compared with a single-
layer coating, and it was also proven to be bioactive from the needle-shaped bone-like apatite 
formation after exposure to simulated body fluid. Hybrid coatings stimulate bone bioactivity 
by inducing the rapid precipitation of coatings on their surface when immersed in a simulated 
body fluid (SBF) [182].  
 
It can be established that hybrid coatings can further enhance the biomedical and the 
mechanical properties of titanium and its alloys and the coating has a substantial significance 
on the properties of the titanium alloys. 
 REVIEW ON TITANIUM CARBIDE THIN FILM COATING 
Titanium carbide (TiC) is a transition metal carbide. Transition metal carbides have attracted 
considerable interests over the past few years. These materials are potential candidates for a 
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variety of high-temperature structural applications and nuclear reactions because these 
compounds display a variety of unique physical properties, such as extremely high melting 
temperature and hardness, as well as high thermal and electrical conductivity [183]. TiC can 
either be synthesized in a non-stoichiometric form or as a stoichiometric compound. Its 
physical and chemical properties can be tuned in a wide range, by varying its stoichiometry 
ratio [184-186]. Stoichiometric TiC is obtained when some of the octahedral sites are occupied 
by carbon atoms, but it also exists in the form of various compositions, essentially with carbon 
vacancies. Titanium forms stable carbide with carbon with a structure of the NaCl type, i.e. a 
cubic close-packed interstitial carbide, where the two sub-lattices of Ti and C are inserted in 
each other and carbon occupies the interstices in the Ti sub-lattice. The carbon occupation can 
be incomplete, and TiCx is stable in a wide range of compositions in which ‘x’ can vary from 
0.48 to 1.0 [187].  TiC maintains the face-centred cubic (fcc) structure, with metallic and non-
metallic sublattices (within an extremely broad homogeneity region), in which the carbon 
atoms and the structural vacancies are forming a substitutional solid solution in the non-
metallic sublattice [188].  
 
The cubic cell lattice parameter a = 0.433 nm for the stoichiometric phase TiC. The distances 
between the neighbouring titanium atoms and the neighbouring titanium and carbon atoms are 
RTi-Ti = 0.3061 nm and RTi-C= 0.2165 nm, respectively. This structure can be represented as a 
sequence of alternated hexagonal (trigonal) layers of titanium and carbon, which are located in 
the [110] plane. The neighbouring titanium and carbon layers distant by R Ti-C = 0.1250 nm. 
The layers are located in the A B C A B C sequence, where the underlined letters correspond 
to titanium layers and the non-underlined letters denote carbon layers [189]. 
 
Recently, titanium carbide coatings have become very attractive for the scientific and 
technological communities owing to its excellent properties, such as high thermal stability, 
high melting point (3067°C), superior surface hardness (26–30 GPa) which is greater than the 
typical microhardness of TiN (20 GPa), ZrN (16 GPa), ZrC (23 GPa) and comparable with that 
of SiC (27–34 GPa). Other properties include high electrical conductivity, oxidation resistance, 
excellent chemical stability, elastic moduli, resistance to creep/thermal shock, low reactivities, 
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These remarkable properties exhibited by TiC are related to its high energy of cohesion and to 
its chemical bonding. TiC-based coatings are widely used in several technological 
communities, such as the tribological, and its wear-resistant coating, thermal barriers, corrosion 
resistance on metallic structures, biomedical and biocompatible materials, metal-cutting tools, 
carbide steel, protective coating, electric contacts, electrochemical sensors, passive films and 
high-power electronic devices. Its high corrosion stability and wear resistance under critical 
temperatures also make it attractive for protecting the inner walls of fusion reactors and in 
aerospace applications [193-199].  
 
TiC thin films are obtained with several techniques, such as Reacting carbon fibres, Laser 
ablation, E-beam evaporation, Physical vapour deposition, Surface reaction processes 
(Nitriding and Carburizing), Chemical vapour deposition, Slurry dipping, Chemical Solution 
deposition, Evaporation, Ion beam deposition, Thermal spray, Laser cladding, the Molten salt 
synthesis method and the Cathodic vacuum arc technique [187, 200-211]. These techniques are 
selected on the basis of the area of application, and the anticipated properties of the TiC thin 
film coating. With these various deposition techniques, the most promising method appears to 
be PVD, due to its many advantages and easy mode of operations. 
 
Several works have been reported on TiC coating, using different coating techniques ranging 
from CVD to PVD [190, 200, 202, 203, 208, 210-228]. Some of the recent works are reviewed 
in this section. 
 
Abderahim et al [203], in their study of the effects of residual stress on the mechanical and 
structural properties of TiC thin films grown by RF sputtering, concluded that lower pressures 
induce the formation of distorted titanium carbide with a dense structure. The film structure 
changed from the mixture of distorted TiC at the lowest pressure to a homogenous TiC at higher 
pressure. In correlation with the lower pressure, large residual stress was measured, and this 
changed the TiC texture in the XRD results. Both the compressive stress and the hardness 
exhibited a maximum value at a process pressure when using pure argon at 0.35 Pa, with a 
pressure of 1 Pa required to obtain TiC films with [111] texture. The hardness increases when 
the pressure decreases, and it reaches its maximum of 18.5 GPa for 0.35 Pa (high compressive 
stress). It is found that the compressive stress is directly related to the hardness rather than the 
grain size, which does not change. 
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In the work of Marina et al on the effect of titanium carbide coating on the osseointegration 
response in vitro and in vivo [195]. They concluded that TiC as a coating on orthopaedic and 
dental prostheses improve the osseointegration process in humans, stimulating osteoblast 
proliferation, adhesion and activity. In addition to protecting the titanium from the aggressive 
attacks of biological fluids and tissues and increasing implant hardness, it is concluded that 
coating titanium implants with a layer of TiC achieve these further goals: increases the 
biocompatibility of titanium and stimulates proliferation, adhesion and differentiation of 
osteoblasts. 
  
Giovanni et al [190], studied the effect of titanium carbide coating by ion-plating plasma-
assisted deposition on the osteoblast response [190]. The result revealed that osteoblasts grown 
on the treated titanium samples have a higher proliferation rate, the formation of more filopodia 
and they have a positively improved mRNA synthesis of proteins involved in bone formation 
when compared with those grown on uncoated surfaces. 
 
Alexander et al [223] reported that it is feasible to adequately deposit TiC on a substrate with 
strong adhesion bonds and a homogenous structure by using a high-speed plasma jet. The effect 
of the negative substrate bias and the pressure on the mechanical, structural and electrical 
properties of TiC coatings produced by RF magnetron sputtering when using two different 
targets, was investigated by Amina et al [224]. From their findings, XRD analysis, 
crystallographic orientation was in (111), (200), (220) and (311) planes for Ti and TiC target 
respectively. These patterns show a preferential orientation in the (200) plane for the coatings 
deposited by using Ti pure target and (111) plane for coatings deposited using TiC target. The 
Raman spectra generally indicate that both of the TiC films prepared in this study, have a 
similar local structure, but with a large-scale disorder or defects. An increase of hardness was 
observed, as the bias voltage increases, and the pressure decreases for the coatings deposited 
when using TiC as the target. On the other hand, the hardness of the coatings deposited using 
Ti pure target increases with the increase of total pressure. In addition, electrical resistivity 
increases with the increase of total pressure. 
 
Nikolett et al [213] investigated the relationship between the structure, elemental composition, 
the mechanical and the tribological properties of TiC/amorphous carbon (TiC/a:C) nano-
composite thin films. The XPS and TEM measurements confirmed the inverse change of the 
a:C and carbide phases. Namely, as the Ti content increased from 6 at% to 47 at%, the thickness 
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of the amorphous carbon matrix decreased from 10 nm to 1–2 nm and the size of the TiC 
nanocrystals grew from 0.5 nm to 26 nm. The hardness of 26 GPa and the Young Modulus of 
220 GPa with Coefficient of friction of 0.268 was observed in the case of the film prepared at 
38% Ti content which consisted of 4–10 nm width TiC columns separated by 2–3 nm thin a:C 
layers. The H3/E2 ratio was 0.4 GPa that predicts high resistance to plastic deformation of the 
C-Ti nanocomposites besides great wear-resistance properties (H/E of 0.12).  
 
Nikolett et al [215] reported in another of their studies, the possibility of sputtered 
nanocrystalline TiC / amorphous C thin films as potential materials for medical applications. 
The results showed that the uncoated implant showed a better corrosive resistance compared 
with the TiC /a:C coated substrates. However, the stable and mechanically strong TiC /a:C 
coating may have a passivation effect and it might provide a longer lifetime of implants in the 
body. These conditions are achievable with producing a TiC /a:C protective film on metal 
devices. 
 
Qi et al [225] reported the preparation of single-crystal TiC (111) by radio frequency 
magnetron sputtering at low temperatures. They revealed that the temperature is a key factor 
in the synthesis of single-crystal films, since the crystallinity improves at high substrate 
temperatures. Both Raman spectra and XRD demonstrate that the films grown at higher 
temperatures result in better crystal quality. They also showed that the substrate plays an 
important role in the substrate growth, and they did so by comparing the two substrates of 
Al2O3 and Si. Al2O3 is a better substrate for the growth of TiC films than Si due to the smaller 
lattice mismatch between the TiC and Al2O3. 
 
The microstructure, tribological behaviour, biocompatibility and corrosion properties of 
magnetron sputtered titanium-amorphous carbon coatings were studied by Shankar et al [226], 
and the following conclusions were drawn. The surface morphology, as well as the tribological 
properties, were largely dependent on the amount of Ti content in the a-C coating. The 
microstructural study revealed that the dissolution of Ti in a-C matrix was less than 2.33%. 
The decrease in the friction and the wear of Ti incorporated in an a-C coating was attributed to 
the improved mechanical properties and the formation of sp2 clusters in the coating. The 
enhanced pre-osteoblast cell adhesion was due to the increase in the hydrophobic nature of the 
coatings, with increasing Ti content in the a-C matrix. Furthermore, the SEM images of the 
pre-osteoblasts also showed a strong filopodia connection between the cells. The 
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electrochemical corrosion studies of Ti incorporated a-C coatings in SBF showed better 
corrosion resistance than the pure a-C coating. The better corrosion resistance of the 2.33% Ti 
incorporated a-C coating in SBF was due to the formation of TiC in the a-C matrix. When 
comparing the overall results, the 2.33% Ti incorporated a-C coating deposited on 316L SS 
substrate demonstrated good cell adhesion, excellent corrosion resistance and considerably 
better tribological properties than the other coatings [226]. 
 
The relationship between the structural, chemical and mechanical properties of nanocrystalline 
TiC/amorphous C (TiC/a:C) thin films was further studied by Nikolett et al [214].  They 
discovered that the average size of the TiC crystallites and the thickness of the amorphous 
carbon matrix largely depended on the deposition parameters. Films deposited at 15 W Ti 
power consisted of few nanometres small TiC nano-crystallites embedded in a few ten 
nanometres thick carbon matrix. The increase of the Ti content, with increasing Ti power, 
resulted in larger TiC nano-crystallites and as well as a thinner carbon spacing between the TiC 
phases. This structural observation correlated with the concentration determined by the XPS 
and the EDS measurements. The XPS signal of carbon was decomposed for graphite and 
carbide according to their binding energies. This observation correlated with the Raman 
measurements. These results confirmed that all Ti atoms were bonded to C. The nanohardness 
of the TiC/a:C thin films increased proportionately with the TiC crystallite content measured 
in the films. The highest nanohardness of 66 GPa and an elastic modulus of 401 GPa were 
observed in the film prepared at 50 W, which consisted of 15 nm thick TiC columns separated 
by a 2–3 nm thin amorphous carbon matrix. The extremely high hardness values of the films 
may be due to the large amount and the small grain size of the TiC nano-crystallites.  
 
Dong et al [200] produced TiC coating by reacting Titanium hydride (TiH2) powders with 
carbon fibres, using a molten salt synthesis at a relatively low temperature. The results indicate 
that the reaction temperature and the time can significantly affect the thickness and the 
morphology of the coating. In comparison with the uncoated carbon fibres, the TiC-coated 
carbon fibres, with an appropriate coating thickness of 170 to 200 nm showed a good oxidation 
resistance, due to the continuous and crack-free structure of the TiC coating. However, as the 
TiC coating thickness increases, it may result in the degradation of the oxidation resistance of 
the TiC-coated carbon fibres, due to the formation of cracks, and the exfoliation of the coating. 
This indicates that the formation of a continuous and crack-free TiC coating on carbon fibres 
is very important for the improvement of the oxidation resistance of the carbon fibres. The 
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control of the coating thickness is a key factor in the preparation of a continuous and crack-
free TiC coating on carbon fibres, and this can be achieved by controlling the reaction time that 
the TiC-coated carbon fibres were produced by reacting TiH2 at appropriate reaction 
temperature [195]. 
 
The grain boundary modification of TiC ultra-nano-crystalline thin films was performed by 
using RF magnetron sputtering of TiC target to improve the tribo-physical properties by 
Gomathi et al [227]. They reported that at higher substrate temperatures, films with nano/ultra-
nano-crystalline phases of TiC formed with short-ranged ordered graphite particles dispersed 
in a-C matrix phase. The elemental composition of the films varied when increasing the 
substrate temperature during deposition, and the higher growth temperature led to the formation 
of carbon-rich films. HRTEM and XRD analysis showed the formation of ultra-nano-grains of 
TiC and this was one of the important reasons for obtaining an ultra-smooth film surface. A 
clear trend of decreasing the friction coefficient with an increase in the ID/IG ratio in TiC films 
was observed. Moreover, graphitized film with TiC nano/ultra-nano-crystalline domains 
showed ultralow friction values. This was explained by the weakly bonded interlayer sheets of 
graphite that easily sheared under the tribo-stressed condition. The high wear resistance of such 
films was attributed to the ultralow value of the sliding friction that limits the deformation and 
the damage. Moreover, the wear and the deformation of the film and the substrate were 
protected by the ultra-nano-crystalline phase of TiC hard particles. A gradual decrease in 
friction with the sliding cycles and the sustainable ultralow friction coefficient was associated 
with the formation of an adhesive graphitized transfer film that protects against the wear of the 
contact interfaces [222]. 
 
The pulsed-laser deposition was also used to grow hard TiC thin film on Si substrates at 500ºC 
under various pressures of high purity CH4  or N2  atmosphere by Craciun et al [228]. The films 
were nanocrystalline, dense and they contained a low amount of oxygen contamination in bulk. 
Nanoindentation investigation showed that the films deposited under high CH4 pressures were 
very hard, with hardness values similar to the best values measured for TiC films. However, 
scratch tests indicated that these films are not very adherent. The films deposited under 4x10-5 
mbar CH4 exhibited the best combination of hardness and adhesion to the substrate. 
 
The hetero-epitaxial growth of TiC films on MgO (001) at 100 °C by DC reactive magnetron 
sputtering was analyzed in the work of Braic et al [202]. TiC thin films with a thickness of 
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about 62 nm were hetero-epitaxially grown at a low substrate temperature (100 °C) on 
MgO(001) substrate by DC magnetron sputtering in an Ar + CH4 reactive atmosphere. The 
structural and electrical properties of the films were studied. XPS and Raman investigations 
demonstrated that the film does not contain graphitic carbon or oxides in the film volume or at 
the film–substrate interface. The XRD analysis revealed that the TiC film deposited at 100°C 
from a carbon-rich gas had grown hetero-epitaxially on MgO, with the “cube-on-cube” 
epitaxial relationship given by TiC(001)//MgO(001) and TiC(100)//MgO(100). From the 
rocking-curve analysis, it was evidenced that the film consists of two layers: an interface 
partially strained epilayer TiC(1) with a high crystalline quality, small tilt angles, but with a 
limited in-plane correlation length, and a relaxed layer. The second layer (TiC(2)) consists of 
columnar grains, preserving the epitaxial relationship with the substrate. The samples exhibited 
smooth surfaces with an RMS roughness of about 0.55 nm. The films' morphology was 
dominated by circular grains/crystallites of comparable sizes with a mean lateral size of ~38.5 
nm. The resistivity of the films was of about 620 µΩ cm. 
 
Denanot and Delafond [208] produced a Titanium carbide coating by using a dynamic ion-
beam mixing. A homogenous Titanium carbide coating with small grain size was obtained. The 
titanium carbide coating has a face-centred cubic (FCC) structure. The coating adheres strongly 
to the substrate, and the friction coefficient decreases when compared with the uncoated 
substrate. 
 
Francesca et al [221] reported the biomedical application of TiC by coating titanium implants 
with nanostructured TiC thin film, with the expectation of improving the osseointegration 
behaviour. The in vivo testing of the materials showed that coated Titanium with titanium 
carbide has superior quality, in terms of new bone formation around the implants than the 
uncoated samples. The formation rate of bone-implant contacts of the TiC coated implant was 
found to be higher than that of the uncoated Ti implant at all the time points. The implants 
coated with titanium carbide (TiC) evidenced optimal hardness and resistance, and they had a 
better stimulating effect on osteoblasts than the untreated ones. 
 
Katalin Balázsi [212] undertook research work on the correlation between the process 
parameters and the properties of the TiC thin film coating. It was confirmed that the hardness 
and the surface morphology of the final nanocomposite could be tuned by using the deposition 
temperature and Ti content depending on the desired application of a TiC/a:C thin film. With 
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the vast application of TiC coating for different applications, it is expected that coating of 
titanium alloys will yield multiple effects such as protection of the metal against oxidation, a 
significant increase in the hardness, thereby improving the tribo-chemical behaviour, 
particularly the wear resistance; and with an improvement in the integrative performance of the 
implanted device, thereby improving the biocompatibility.  
 
 SUMMARY 
This chapter has described the fundamental of thin films deposition and the variant techniques 
available for thin films formation, with more attention being focused on the sputtering process 
since it is the area of attention in this research study. Titanium alloys were discussed, and the 
research works conducted on Titanium carbide (TiC) thin films coatings were also reviewed. 
The next chapter will focus on the deposition process as well as on the characterization 
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CHAPTER 3  
3 EXPERIMENTAL PROCEDURE 
 INTRODUCTION 
The two major features that are prominent in the development of new materials, or the 
modification of the existing ones, are the manufacturing technique processes and the 
characterization of the performance properties of the materials. Different techniques can be 
employed to manufacture new materials depending on the envisaged areas of applications and 
the response behaviour of the materials for the manufacturing process. The performance 
properties of the material can be classified into physical and chemical properties and different 
characterization methods could be developed to analyse these properties. This chapter 
discusses the coating techniques used for surface coating, the design of the experimental 
method utilized for developing the experimental matrix, and the characterization 
methodologies applied for examining and investigating the evolving properties of the thin films 
sputtered samples.  
 EXPERIMENTAL PROCESS 
Radio-frequency magnetron sputtering, which is a variant of physical vapour deposition was 
used for the coating process. The surface properties of the coating such as topography, 
roughness, chemical composition and the texture of a coating surface play a crucial role in 
determining the efficiency of the operation and the interactive behaviour of the material. 
Properties, like corrosion, wear, biocompatibility and osseo-integration are dependent on the 
surface properties, and it is important to understand the inter- and intra- relationships between 
these properties and the process parameters. The flow chart of the experimental process is 
shown in Figure 3. 1.  The experimental process is divided into three subsections. The first 
section discusses the magnetron sputtering deposition process used for growing thin films on 
the surface of the substrates. The second section elucidates on the characterization techniques 
used for investigating the evolving properties of the thin films, while the last section explains 
the outcome of the preliminary experiment and the development of the final experimental 
matrix used for the coating process. 
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3.2.1 RF MAGNETRON SPUTTERING 
The deposition platform used for this research work is aa Hind High Vacuum (HHV) TF500 
versatile box coater located at the Botswana Institute of Science and Technology (BIUST), 
Palapye, Botswana. The HHV TF500 box coater, see Figure 3. 2, was developed for an 
enhanced level of the coating process deposition capability. The coater is versatile, and it 
possesses the ability to be used in three different coating process modes, namely Ion-Beam 
deposition, Evaporation and Magnetron Sputtering. The power sources include the resistance 
sources, the electron beam sources and RF and DC sputtering sources. The Ion beam source 
can be RF and DC variants with a narrow beam for etching, and the broad beam for surface 
modification.  
 
The coating chamber is composed of stainless steel, together with the high vacuum pump, the 
turbopump, the backing pump and the cryogenic pump mounted beneath the chamber. The 
arrangement of the sample and the target holders are specifically designed to give optimal 
deposition processes and they can simultaneously accommodate resistance, ion beam and the 
sputtering sources. The coater allows multiple targets and substrates to be loaded and sputtered 
concurrently, with uniform thickness across all the loaded samples. The whole deposition 
process is controlled by a microprocessor-based programmable logic controller (PLC) console, 
and it can be operated either in manual, or fully automated or semi-automated mode.  
 
The control system has functions with wide range of applications such as selection of running 
states, control of speed and temperature, control of negative pressure, complete display of 
control parameters, recording and printing of working states. Other features of the HHV TF500 
include load lock, sample-handling option and high-temperature substrate heating of up to 
100oC. 
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Figure 3. 2 HHV TF500 RF Magnetron Sputtering 
 
3.2.2 SPUTTERING CHAMBER 
The sputtering chamber is the most critical section of the RF magnetron sputtering coater. The 
creation of plasma, the ejection of atoms from the target, the condensation of the ejected atoms 
and the growth of the atoms onto the substrate take place in the high vacuum sputtering 
chamber, as shown in Figure 3. 3. The entire outer surface, the substrate holder, the target 
holder, the spraying device and all the parts in contact with the target-substrates are all made 
of stainless steel. The sputtering chamber is around 500 mm wide by 500 mm depth in size, 
and it can accommodate two targets for the sputtering deposition concurrently. The substrates 
were clamped on a rotating sample holder in a vertically upward direction of the target. The 
rotating ability of the sample holder enables uniform and a homogenous deposition of the thin 
film on the substrate. 
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Figure 3. 3 Sputtering Chamber 
 
All the coating operations were carried out under air-tight vacuum condition and freed from 
dust emission, contaminants and liquid splash. The chamber is usually maintained at high 
vacuum (order of 10-5 mbar) which ensures that the process is of high coating quality, high 
efficiency and high reproducibility. 
3.2.3 SAMPLES INFORMATION AND PREPARATION 
The substrates (parent materials) used for this research work were commercially pure (CpTi) 
titanium and Ti6Al4V Grade 5 titanium alloy. The materials were supplied by Titanium metal 
supply, 12215 Kirkham road # 300, Poway, California, USA. The chemical composition of the 
materials obtained from the material safety data sheet (MSDS) of the supplier is shown in Table 
3. 1. 
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Table 3. 1 Chemical composition of CpTi titanium and Ti6Al4V Grade 5 titanium alloys 
Chemical composition Ti N C H Fe O Al V 
CpTi Bal 0.03 0.08 0.013 0.25 0.20 - - 
Ti6Al4V Bal 0.05 0.08 0.015 0.40 0.20 5.50 ~ 6.75 3.50 ~ 4.50 
 
Prior to the sputtering process, the surfaces of the substrates were ground and polished using 
the ASM international grinding and polishing metallographic standard for the sample 
preparation of Titanium [229]. Different textures of grit sizes of Silica carbide papers were 
used for the grinding process. After polishing the surface to remove contaminants, the 
substrates were further cleaned with acetone, isopropanol and finally with deionized water for 
15 minutes, respectively. Since Titanium has a high affinity for oxygen, and it reacts easily 
with atmospheric air, the samples were stored in a desiccator to prevent surface oxidation and 
contamination.  
 
The target used for this experiment is a solid titanium carbide (TiC). The TiC target is 75 mm 
x 3 mm in dimension, 99.5% purity, and it comprises a copper backing plate of 3 mm as shown 
in Figure 3. 4. The backing plate increases the conductivity and sputtering of the target material, 
thereby enhancing the sputtering yield. The porosity of the TiC target is very low with high 
density and it was supplied by HHV, United Kingdom. 
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Figure 3. 4 Titanium carbide (TiC) target and Target Holder 
3.2.4 RF MAGNETRON SPUTTERING DEPOSITION PROCEDURES 
The RF Magnetron sputtering configuration of the TF500 coater was utilized for the sputtering 
process. The sputtering process involves the generation of plasma, the ejection of atoms from 
the target, the condensation of the ejected atoms on the substrate and the growth of atoms on 
the substrate, by repeating the cycle in a high-vacuum environment. The detailed sputtering 
procedure for the deposition of a thin film is explained below; 
1. The target was placed on the cathode and mounted properly to the chamber. The
substrates were cleaned and placed on the top surface of the substrate holder, which
serves as the anode. The substrates were positioned directly above the target in order
to maximize the material absorption of the substrates.
2. The programmable logic controller (PLC) Console was used for programming the
sputtering-process parameters. The PLC console enables the interface for creating and
executing the sputtering deposition process. Sputtering time, RF power and
temperature were the only sputtering process parameters varied during the
experimental runs. The sputtering powers used were 150 W, 200 W and 250 W
respectively. The temperature levels were 80 oC, 90 oC and 100 oC and the sputtering
time are 2 Hrs, 2.5 Hrs and 3 Hrs respectively. All the other process parameters were
fixed throughout all the experiments.
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3. The chamber was evacuated by using the high vacuum pump in order to create a 
vacuum environment. The cryogenic pump was switched on to accelerate further the 
evacuation of the chamber and the optimal vacuum condition. The chamber was 
evacuated to a base pressure of about 1.13 x 10-5 mbar. There are several reasons why 
the film deposition is performed at reduced pressure. For instance, a low-pressure 
environment provides a long mean free path for the collision between the original 
source of the target and the location, upon which the particles are deposited. More 
importantly, the vacuum environment allows for the control and minimization of all 
traces of background contaminants and gases, which could degrade the coating. This 
is achieved by cryogenic pumps capable of producing a vacuum of low pressure with 
a good pumping speed.
4. During the evacuation process, independently the power of the heater was increased 
slowly, so that its temperature reaches the defined value.
5. After the evacuation, the system was refilled with electrically neutral argon to a 
working partial pressure of 1.2 x 10-3 mbar, by using the Turbopump. The high 
pressure in the sputtering chamber can result in placing too many argon atoms in the 
path of the glow discharge, and the ejected target atoms would not allow these to travel 
relatively unimpeded by collision. In other words, the mean-free path would be too 
short.
6. On completing these procedures, the heater (Substrate holder with the substrate 
mounted on it already) temperature was fixed to the defined value (80 oC) and argon 
was introduced into the chamber. The RF power to the cathode was switched on to 
maintain the glow discharge (Plasma formation)
7. After the plasma formation, the sputtering of the target is triggered, and pre-sputtering 
is done with the shutter still closed, in order to remove any contaminants from the 
surface of the target for five minutes. When the pre-sputtering is completed, the shutter 
is removed from the target. The layer of the film gets deposited on the surface of the 
substrate, when it is exposed to the plasma. Once the desired time duration is achieved, 
the plasma shuts down automatically.
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8. The film is then left in the chamber and allowed to cool down, until the temperature 
reaches the room temperature. Instant removal from the chamber can result in thermal 
shock on the surface of the film, thereby creating cracks and inducing stresses on the 
film. 
During the sputtering process, proper precautions were taken to avoid compromising the thin 
film properties. For example, after every deposition, the chamber was usually cleaned with a 
vacuum cleaner to remove any impurities. Pre-sputtering was carried out for all the depositions 
in order to remove any contaminants from the surface of the target, and the substrates were 
carefully handed and managed to avoid surface impurities. Additionally, the samples were left 
to cool inside the vacuum chamber for at least 2 hours to avoid instant oxidation, the thermal 
shock which can cause cracks in the films and formation of other contaminants, which degrades 
the quality of the thin films. For each deposition process, two substrates (CpTi and Ti6Al4V 
of dimension 50 mm x 50 mm x 3 mm) were loaded in the chamber simultaneously. 
 CHARACTERIZATION TECHNIQUES 
Thin film has taken a revolutionary development of new active and passive elements, devices 
and Industries. The key to a better understanding of thin film is to understand the materials that 
compose it, and this can be achieved by characterizing the emerging properties of the materials. 
Characterization techniques used for determining the properties of thin films differ, depending 
on the area of applications, the nature of the materials, but some are fundamental and 
imperative to all areas of application. The fundamental and imperative characterizations are the 
structural, physical and chemical properties. These can be subsequently classified under sub-
headings, like structural elucidation, chemical composition, surface roughness, surface 
morphology, tribology, corrosion behaviour and mechanical properties.  
 
In this section, the different analytical instruments employed for characterizing the thin film 
are discussed, together with the relevant mode of operation.        
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3.3.1 MORPHOLOGY AND SURFACE PROFILING 
3.3.1.1 Atomic Force Microscope (AFM) 
The Atomic force microscope is a variant of the scanning probe microscope SPM, used for 
examining the surface features like roughness, texture, morphology, growth structure and 
composition. It can be used on surface features, whose dimensions range from atomic spacing 
to a tenth of a millimetre. It is based on the detection of force interaction between a sample 
surface and a sharp tip mounted on a flexible cantilever, and it produces, in such a way, the 
topographic images of a surface with atomic resolution in all three dimensions.  
 
When the tip is brought to close proximity (1-5 Å) of the surface of the sample, repulsive Van 
der Waals forces between the atoms of the tip and those of the sample cause the cantilever to 
deflect. The magnitude of the deflection depends on the distance between the tip and the 
sample. The deflection of the tip in response to the surface–tip interfacial forces is recorded by 
using a laser-focused on top of the cantilever and reflected onto the photodetectors as shown 





Figure 3. 5 (A) Schematic picture of the Atomic Force Microscope and (B) Deflection 
response behaviour of the tip [230] 
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The signal emitted from the photodetector is used to generate a surface topographic map or the 
direct measurement of surface intermolecular forces. The most common operating modes of 
AFM are contact, non-contact, and tapping, which are self-explanatory in their manner of 
interrogation of the surface.  
• Contact Mode- In the so-called contact-AFM mode, the tip makes soft “physical 
contact” with the surface of the sample. The deflection of the cantilever is proportional 
to the force acting on the tip, via Hook’s law. In contact-mode, the tip either scans at a 
constant small height above the surface or under the conditions of a constant force. In 
the constant height mode, the height of the tip is fixed, whereas in the constant-force 
mode, the deflection of the cantilever is fixed and the motion of the scanner in the z-
direction is recorded. By using contact-mode AFM, even “atomic resolution” images 
can be obtained [230]. 
 
• Non-Contact Mode- In this mode, the probe operates in the attractive force region and 
the tip-sample interaction is minimized. The use of non-contact mode allowed scanning 
without influencing the shape of the sample by the tip (sample forces). In most cases, 
the cantilever of choice for this mode is the one having a high spring constant of 100 
N/m, so that it does not stick to the sample surface at small amplitudes. The tips mainly 
used for this mode are silicon probes [230]. 
 
• Tapping Mode (intermittent contact Mode)- In the tapping mode-AFM, the 
cantilever is oscillating close to its resonance frequency an electronic feedback loop, 
which ensures that the oscillation amplitude remains constant, such that a constant tip-
sample interaction is maintained during the scanning process [230].  
One advantage of the AFM is the independence from the electrical conductivity of the sample. 
In addition, the direct contact between the tip and the sample surface also yields information 
about the mechanical properties of the surface, such as for example, the local coefficient of 
friction and the local hardness. In this research study, VEECO Atomic force microscope as 
shown in Figure 3. 6 was used to investigate the surface morphology of TiC thin films on an 
atomic-scale level in the non-contact mode. The operating principle of AFM is presented in the 
next page. All the measurements were carried out under ambient conditions in a control room 
with regulated temperature and humidity. The experiments were performed in the non-contact 
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mode, in order to avoid scratching the surface of the samples and ASTM D7127-17 standard 
was used. 
1. The sample is carefully placed under the AFM tip (a couple of microns long often less 
than 100 Å in diameter) and the AFM tip is first brought (manually) close to the sample 
surface. The tip is located at the free end of a cantilever, which is 100 to 200 µm long. 
The scanner makes an ultimate adjustment in the tip-sample distance based on a set 
point determined by the user.  
 
2. The tip, now in contact with the sample surface through any adsorbed gas layer, is 
scanned across the sample under the action of a piezoelectric actuator, by moving the 
tip relative to the sample. 
 
3. A laser beam aimed at the back of the cantilever–tip assembly reflects off the cantilever 
surface to a split photodiode, which detects all the small cantilever deflections. The 
forces between the tip and sample surface cause the cantilever to deflect. A detector 
measures the cantilever deflection as the tip is scanned over the sample. 
 
4. A feedback loop maintains a constant tip-sample separation, by moving the scanner in 
the z-direction to maintain the set-point deflection. Without this feedback loop, the tip 
would “crash” into the sample even with small topographic features. 
 
5. By maintaining a constant tip-sample separation and using Hooke’s Law. (F = kx). 
where F is force, k is the spring constant, and x is the cantilever deflection), the force 
between the tip and the sample is calculated. Finally, the distance the scanner moves in 
the z-direction is stored in the computer relative to the spatial variation in the x-y plane 
to generate the topographic image of the sample surface. 
 
6. The measured cantilever deflection allows the computer software to generate the height, 
phase and amplitude of the two-dimensional map or surface. 
 
7. The computer software was used to analyze and to obtain the surface topography 
roughness statistical information. 
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Figure 3. 6 VEECO Atomic Force Microscope (AFM) 
 
3.3.1.2 Field Emission Scanning Electron Microscope (FESEM) 
The surface morphology of the thin film coating was studied by using the Field Emission 
Scanning Electron Microscope FESEM (ZEISS Gemini*2, Germany), which is capable of 
capturing nanoscale images effortlessly at very high magnifications. The Field Emission 
Scanning electron microscope, FESSEM, is versatile and widely used equipment for observing 
the surface morphology and the chemical composition of the solid and powder samples at 
higher magnifications, higher resolution and at a greater depth of field than a conventional 
optical microscope, with the aid of an electron beam. It examines the microscopic structure by 
scanning the surface of the materials, and an image is formed by a focused electron beam that 
scans over the surface area of a sample. The working principle of FESEM is like the 
conventional scanning electron microscope SEM. The distinct difference is the electron beam 
for the emission. The FESEM uses field emission or electromagnetic beam gun instead of the 
typical thermionic electron gun sources. A field emission gun is a type of electron gun in which 
a sharply pointed Muller-type emitter is held at several kilovolts negative potential relative to 
a nearby electrode so that there is a sufficient potential gradient at the emitter surface to cause 
field electron emission. Emitters are either of the cold-cathode type, usually made of single-
crystal tungsten sharpened to a tip radius of about 100 nm, or they are of the Schottky type, in 
which thermionic emission is enhanced by barrier lowering in the presence of a high electric 
field [230].  
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Schottky emitters are made by coating a tungsten tip with a layer of zirconium oxide, which 
has the unusual property of increasing electrical conductivity at high temperatures. Thus, in 
FESEM the electron beam is more powerful, and it can capture high-quality images at high 
magnification and high resolution. A FESEM image is formed by a focused electron beam that 
scans over the surface area of a specimen. When an electron strikes the atom, the interaction 
between the electron and the atoms of the surface generates a variety of signals (electrons and 
photons), which can be used to analyse the surface morphology and the properties. This is seen 
in Figure 3. 7 and a picture of the FESEM equipment used is shown in Figure 3. 8. FESEM 
systems are operated under an ultra-high vacuum, in order to minimize electron diffraction, 
and to allow the condenser lenses to collimate the electron beam.   
 
The sample chamber is equipped with as many different detectors as necessary, but FESEM 
images are usually taken by using the secondary electron detector. Perhaps the most important 
feature of an FESEM is the three-dimensional appearance of its images, because of its large 
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Figure 3. 7 Electron Beam interaction with the surface of a material [230] 
 
 
Figure 3. 8 ZEISS Gemini*2 Field Emission Scanning Electron Microscope ( FESEM) 
 
The SEM work principle is as follows: 
1. Using an electromagnetic beam gun, a beam of electrons is produced. Electrons may 
be emitted from a conducting cathode material, either by heating it to the point where 
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the outer orbital electrons gain sufficient energy to overcome the work function barrier 
of the conductor (the thermionic sources), or by applying an electric field sufficiently 
so strong that the electrons can "tunnel" through the barrier (field emission sources). 
A Tungsten filament is used as the cathode in electron guns. The energy required for 
a material to give up electrons is related to its work function. For Tungsten this energy 
is around 4.5 eV [230]. 
 
2. The electron beam follows a vertical path through the microscope, which is held 
within a vacuum. The beam travels through electromagnetic fields and 
electromagnetic lenses, which focus the beam down toward the sample. Once the 
beam hits the sample, electrons and X-rays are ejected from the sample. However, the 
electron beam is not confined to the top of the surface, but it also interacts with the 
lower depths of the sample. Consequently, the SEM provides information regarding 
the species present at varying depths of the sample. The samples must be electrically 
conductive, at least at the surface, and electrically grounded, in order to prevent the 
accumulation of electrostatic charge at the surface. Excellent conductivity of the 
samples results in increased signal resolution and surface resolution, especially with 
samples of low atomic number (Z). The improvement in resolution arises because 
backscattering and secondary electrons emission near the surface is enhanced, and 
thus, an image of the surface is formed. 
 
3. The scattering of the electrons from the electrons of the atom results in the production 
of backscattered electrons and secondary electrons. Primary electrons with sufficient 
energy may knock out the electron from the inner shells of an atom and the excited 
atoms may relax with the liberation of Auger electrons, or of X-ray photons. All these 
interactions carry information about the sample chemical composition and its 
morphology. 
 
4. Detectors collect these X-rays, backscattered electrons, and secondary electrons, and 
they convert them into a signal that is sent to a screen similar to a television screen. 
This produces the final image. In scanning electron microscopy, (SEM) an electron 
beam is scanned across a sample's surface. When the electrons strike the sample, a 
variety of signals are generated, and it is the detection of specific signals that produces 
an image, or a sample's elemental composition. The three signals which provide the 
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greatest amount of information in SEM are the secondary electrons, the backscattered 
electrons, and the X-rays.  
 
Secondary electrons are emitted from the atoms occupying the top surface, and they produce a 
readily interpretable image of the surface. The contrast in the image is determined by the 
sample morphology. The intensity of the secondary electrons is point-to-point mapped onto a 
screen. The electron beam in the cathode ray tube illuminating the screen is synchronized with 
the electron beam scanning the sample. High-resolution images of the morphology or of the 
topography of a specimen at very high magnifications can be obtained because of the small 
diameter of the primary electron beam. Backscattered electrons are primary beam electrons 
which are 'reflected' from atoms in the solid. The contrast in the image produced is determined 
by the atomic number of the elements in the sample. Therefore, the image shows the 
distribution of different chemical phases in the sample. Because these electrons are emitted 
from a depth in the sample, the resolution in the image is not as good as it is for secondary 
electrons. The compositional analysis of a material may also be obtained by monitoring the 
secondary X-rays produced by the electron-specimen interaction. Thus, detailed maps of the 
elemental distribution can be produced from multiphase materials. Characterization of fine 
particulate matter in terms of size, shape, and distribution as well as statistical analyses of these 
parameters, may thus be performed [230]. 
3.3.1.3 Non-contact optical surface profilometer 
The 3D optical profiler Contour Elite K microscope as shown in Figure 3. 9, with the capability 
of producing accurate metrology and visually compelling image-based measurements, was 
used to analyse the surface roughness and the topography at the micro- and macro- level. It is 
a non-contact system with large stages that leave your samples or parts intact and undamaged. 
It comes with three objectives lens of 5x, 20x and 50x. All the objective lenses are capable of 
taking images of the surface roughness at the nanometer scale level. The process of taking the 
measurement is seamless and very fast, and it can be used on work samples with 0.05% to 
100% reflectivity. For this research study, all the images were taken at the highest 
magnification of the 50x objective lens. The profiler is connected to a computer, which controls 
all the features on the profiler. Vision 64 software was installed on the computer, which was 
used to analyse the results and detailed information including both the 2D and 3D images of 
the samples were thereby obtained. 
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Figure 3. 9 3D Optical Profiler Contour Elite Microscope 
 
3.3.2 STRUCTURAL ANALYSIS 
3.3.2.1 Grazing Incidence X-ray Diffractometer (GIXRD) 
The structural characterization of TiC thin film structures was performed by using GIXRD 
made by PANalyticals’s Xpert Pro with Cu K-alpha and wavelength 1.540598 A. It was 
operated at 40 kV voltage and a current of 20 mA. The X-ray diffraction measurements of 
"thin" (11000 nm) films using conventional θ/2θ scanning methods generally produce weak 
signals from the films and intense signals from the substrates. One of the ways to avoid intense 
signal from the substrate and get a stronger signal from the film itself is to perform at low 
scanning angle with a fixed grazing angle of incidence, popularly known as GIXRD.  
 
This facility basically sweeps the radiations over the surface of the films without penetrating 
the substrate and solely reports on the structure of the thin films. The fixed angle is generally 
chosen to be slightly above the critical angle for total reflection of the film material. The scan 
was done from 10o to 90o. GIXRD is a powerful non-destructive, and the most effective 
distinguished method that is used to measure structural properties (either crystal or amorphous), 
such as residual stress, grain size, preferred orientation, texture coefficient, epitaxial relations, 
strain state, defect structure, lattice parameters, unit cell and crystal structure [226].  
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XRD is also used to determine the thickness of thin films and multilayers, and atomic 
arrangements in amorphous materials (including polymers) and at interfaces. Materials 
composed of any element can be successfully studied with XRD, but XRD is most sensitive to 
high-Z elements since the diffracted intensity from these is much larger than from low-Z 
elements [226].  
 
Consequently, the sensitivity of XRD depends on the material of interest. Diffraction occurs 
when the X-rays have wavelengths in the order of a few angstroms, the same as typical 
interatomic distances in crystalline solids. When certain geometric requirements are met, X-
rays scattered from a crystalline solid can constructively interfere, producing a diffracted beam. 
The condition for constructive interference is given by Bragg’s law in equation (3.1) [226]: 
 
nλ=2dsinθ      (3.1) 
 
where n is an integer, λ is the wavelength, d is the interatomic spacing, and θ is the diffraction 
angle.  
 
The diffracted beam intensity will depend on several factors such as the chemical composition 
of the film and the local arrangement of the atoms. The basic principles of X-ray diffraction 
are found in textbooks such as those by Buerger [231], Klug and Alexander [232], Cullity 
[233], Tayler [234], Guinier [235], Barrett and Massalski [236]. 
 
The identification was done by comparing the measured d-spacings in the diffraction pattern 
and, to a lesser extent, their integrated intensities with known standards in the JCPDS Powder 
Diffraction File (Joint Committee on Powder Diffraction Standards, Swathmore, Pennsylvania, 
1986) [237], and the reflections can be indexed with Miller indices. However, if the size of the 
diffracting tiny crystal is small, there is no more complete destructive interference at Ɵ, which 
broadens the peak corresponding to the diffracted beam in proportion to the size of the tiny 
crystal. This can be used to calculate the particle size. The relation for the same is given by 
Debye-Scherrer in equation (3.2) and formulated [20] as, 
 
 
𝐷 =  
0.9𝜆
𝛽𝑐𝑜𝑠Ɵ
                                                                                            (3.2) 
 
75 | P a g e  
 
 
Where, D is the particle size, Ɵ is the diffraction angle, 𝜆 is the wavelength of X-rays, and 𝛽 is 
the broadening at Full Width at Half Maxima (FWHM).  
 
Further, the powder diffractometer can also be used for X-ray diffraction from thin films. 
Epitaxial or polycrystalline (may or may not be oriented) thin films can be considered as single 
crystal or powder (crystals or assembly of crystals spread on the substrate) respectively. Hence, 
a typical epitaxial or oriented film may not show all the corresponding reflections, and it may 
show only a few reflections. For example, say, a C-axis oriented film will show only (hkl), for 
which the h and k indices are zero and l is non-zero. However, these hidden peaks can be 
detected by the small-angle X-ray diffraction technique. 
 
The mode of operation of XRD is explained below 
1. The samples were properly cleaned and placed on the sample holder 
 
2. The surface was scanned at a very low angle (low angle of incidence of 0.02o from 
10o to 90o incident angle) to reduce the impact of the substrate on the film structure. 
The incident coherent X-rays, which focused on the films at a low angle, were 





Figure 3. 10 Working Principle of the X-ray Diffractometer [230] 
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3. The diffracted radiation was detected by the counter tube, which moves along the 
angular range of reflection 
 
4. The intensities were recorded on the computer system, and the data were analyzed. 
 
3.3.2.2 X-Ray Photoelectron Spectroscopy (XPS) 
The x-ray photoelectron spectroscopy (XPS) measurements were conducted using photon 
energy of 650eV throughout the whole experiments. The gold (Au) spectra were determined 
before scanning each sample in order to acquire the reference point and equipment standard for 
energy shifting during analysis. Sample spectra were analysed using excel with the macro code 
developed for XPS specially in the SLRI facility, Thailand. Core scans of Titanium (Ti) and 
Carbon (C) were determined in order to comprehend phase and structural changes within the 
thin film coatings. The x-ray absorption of the film was conducted using beamline 1.1XAS of 
the SLRI employing glazing incidence mode at an angle of 0.40 due to the small thickness of 
the film. One sample at a time was loaded and fixed to the goniometer to allow for precision 
alignment of the sample, source and detector. The detector was positioned 900 to the sample 
such that it does not take readings from the radiating source but rather detect the scattered 
irradiated electrons from the sample. It was ensured that the sample was perfectly smooth and 
level in order to acquire accurate readings of the film coatings 
 
3.3.2.3 Raman spectroscopy 
Raman spectroscopy is a molecular vibrational and rotational spectroscopy based on the Raman 
scattering phenomenon of electromagnetic radiation by molecules. When irradiating materials 
with electromagnetic radiation of single frequency, the light would be scattered by molecules, 
both elastically and non-elastically. Elastic scattering means that the scattered light has the 
same frequency as that of the radiation. Non-elastic scattering means that the scattered light 
has a different frequency from that of the radiation [230]. Elastic scattering is called Rayleigh 
scattering, while the non-elastic scattering is called Raman scattering. Raman analyses were 
carried out on TiC thin films by using an alpha300R (WITec) confocal laser Raman 
microscope configured with a frequency-doubled Nd-YAG laser (wavelength 532 nm) 
according to ASTM E1840-96 standard. The biggest advantages of this method are its non-
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destructive, good lateral resolution without any special preparation of the samples and as well 
as the quickness of the analyses. The Raman devices are usually equipped with confocal 
microscopy. Therefore, the area of choice can be easily selected for the measurement. 
The mode of operation of the Raman spectroscopy is explained below. 
1. A laser beam impinges on the samples as the excitation sources and incident radiation 
scattering lights were produced. A laser power of 2 mW at room temperature was used 
to prevent any burning of the film surface.  
 
2. The incident scattered light was shifted slightly to longer wavelengths; a small amount 
of photon energy was left in the molecules to excite vibrations. This scattered light 
correlates with the molecular vibrational spectrum. 
 
3. Beam centring and Raman spectra calibrations were performed before spectral 
acquisition by using a standard Si (111) sample. The detector was tuned to look for a 
particular spectral peak, and this was used to produce a chemical map. 
 
4. The experimental setup of the Raman equipment is presented in Figure 3. 11. The 
Microscope detector is orthogonal to the direction of the incident radiation, so as to 
observe and capture only the scattered light.  
 




Figure 3. 11 Alpha300R (WITec) confocal laser Raman Spectroscopy 
 
5. The Raman spectra were collected by using x50 Nikon objectives microscopes. The 
results are displayed on a computer screen connected to the microscope via a 
transducer.  
 
6. WITec Project Version 2.0 software was used to capture the spectra images and to 
analyze the Raman results. The Raman spectrum of the substrate was obtained, and it 
was used to compare with the TiC thin films deposited. The laser spot size focused on 
the surface was approximately 1 mm in diameter.  Each spectrum is collected with a 10 
second integration time. 
3.3.3 MECHANICAL PROPERTIES 
3.3.3.1 Nano-indentation 
Nanomechanical properties such as Young’s modulus and the hardness of the thin films were 
obtained by the nanoindentation technique using the Hysitron, Triboindenter TI950, USA. The 
nanoindentation is a well-established technique in engineering and material science for 
measuring the hardness of the metals and the ceramics, and it is capable of indenting the surface 
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of the film at the micro-newton level, without touching the substrate. Several indenter 
geometries are commonly used depending on the nature of the material [233]. The Diamond 
Berkovich (three-sided pyramid) indenter tip with a tip radius of curvature of 100 nm was used. 
The instrument can either be used in a displacement mode, in which the depth of penetration is 
varied, depending on the film thickness or the load-controlled mode where the load is varied 
within a specified range of load input. The latter was used for this research study and the ASTM 
E2546-15 standard was also used. The mode of operation is briefly explained below. 
1. The samples were loaded on the sample stage. Surface impurities on the surface were 
cleaned up before the experiment begins 
 
2. The operation parameters to be used for the experiment were defined on the computer 
software connected to the nanoindentation equipment. All the controls of the 
indentation were done on the computer. The defined input parameters are Maximum 
load of 300µN, loading and unloading rate of 10 μN s−1, loading time, dwelling time 
and unloading time of 15sec. 
 
3. The indenter was plunged into the coating as shown in Figure 3. 12A without having 
contact with the substrates. 
 
4. The operation of the indentation followed a trapezoid pattern similar to Figure 3. 12 B. 
The trapezoid pattern represents the loading, dwelling and unloading cycle. The 
nanohardness is shown in Figure 3. 12 C 
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Figure 3. 12s (A) Schematic diagram of the indentation (B) Curve of Load Vs 
Displacement [234] and (C) Hysitron, Triboindenter TI950 
 
5. For each sample, 10 indentation measurements were done, and the average was 
recorded. The indentation depth was never deeper than 10% of the total coating 
thickness to avoid the influence of the substrate. All experiments were performed at 
ambient condition.  
 
6. From the analysed load-displacement curves, hardness, Young’s modulus and creep 
behaviour of measured films can be calculated as follow 
By measuring the maximum applied load Pmax, the maximum indentation depth hmax, the contact 
stiffness S from the unloading curve and the contact depth hc, the hardness and Young Modulus 
can be determined using Oliver and Pharr analysis [238, 239]. The relevant formulas are given 
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Table 3. 2 Statistical formula for the analysis nanoindentation slope [233]-[241] 
Parameter Symbol Equation Value 








Contact Area A A = 24.5ℎ𝑐2 Calculated 








Contact depth hc hc = ℎ𝑚𝑎𝑥 −  ℎ𝑠 Calculated 
Max penetration depth hmax  Measured 
Max indentation force Pmax  Defined 
Elastic modulus of tips Ei  Defined 
Poisson’s ratio of tips νi  Defined 












Poisson’s ratio of sample νs  Defined 
 
7. The creep was determined from the load-displacement curve. The region of the 
dwelling time was used for the analysis of creep behaviour. The graph of displacement 
against holding time was plotted. 
 
3.3.3.2 Microscratch and macroscratch (Tribo-Tester) 
The peeling resistance (adhesion strength), coefficient of friction COF and critical load for thin 
film failure was analysed using microscratch technique and the failure mode and COF under 
high loading was examined using the ball-on-disk tribometer. Figure 3. 13 A is the equipment 
setup for the micro-scratch, and Figure 3. 13 B represents the ball-on-disk tribometer. In the 
microscratch test, a stylus made of diamond is drawn across the perpendicular film surface and 
a progressive normal force is applied. The films might either fail (through cracking or crushing) 
or resist the failure depending on the degree of the applied load. The minimum load at which 
the films fails is called the critical load Lc and this can be used to determine the adhesion 
toughness of the film by using equation (3.3). [240, 241]. This process can be thought of as a 
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combination of two steps: (i) the normal indentation process and (ii) the horizontal motion of 
the stylus. 




     (3.3) 
 
Where R is the Radius of curvature of the tip (mm), H denotes Hardness of the film (Nmm-2), 
Lc represents Critical load (N), and K is the Experimentally determined coefficient 
(dimensionless) 
 
 At a critical load Lc, the film can no longer follow the deformation of the substrate any further, 
and cracks or delaminates form on the substrate. Lc is dependent on the material of the coating 
and the substrate, and it is a measure of the adhesive strength. During the scratch, compressive 
stresses are generated in front of the indenter, and tensile stresses are induced behind the 
indenter, initiating a crack that opens, due to the motion of the tip and this continues towards 
the interface, initiating the delamination mechanism. The operation was done in accordance 
with the ASTM 9133-05 standard. The mode of operation of the microscratch is described 
briefly 
1. The operating parameters, as stated below in Table 3. 3 were defined in the software 
as, the operating working parameters. All the experiments were carried out under an 
ambient condition. 
Table 3. 3 Operating parameters for microscratch test 
Parameters Condition 
Load type Progressive loading 
Acquisition rate 50 Hz 
Starting load 50 mN 
Ending load 2000 mN 
Loading rate 3900 mN/min 
Length 1 mm 
Speed 2 mm/min 
Indenter type Rockwell 
Material Diamond 
Radius 100 µm 
 
2. All the samples were cleaned gently with a non-abrasive wiper to remove any surface 
debris. The sample was then placed on the sample holder, and a diamond indenter was 
adjusted on the surface of the sample. A progressively applied load is applied to the 
sample. The tip motion is reciprocating, and the total displacement distance is 1 mm.  
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3. An acoustic emission sensor was attached to the indenter tip. The acoustic emission is 




Figure 3. 13 (A) Microscratch tester and (B) Rtec Universal linear reciprocating ball-
on-disk tribometer 
The tribological properties of the thin film coatings were tested using a Rtec Universal linear 
reciprocating ball-on-disk tribometer at ambient conditions (temperature, pressure and 
humidity). An E521000 Alloy Steel Grade 25 ball (6.350mm in diameter) was used as the 
counter body, while the obtained thin film coating specimens served as the disk. The tests were 
carried out at a normal load of 10N, a sliding velocity of 1mm/s, for 2 minutes and a sliding 
displacement of 1mm. The friction coefficient was monitored continuously during the 
experiments by a linear variable displacement transducer, and the results were recorded on a 
data acquisition computer attached to the tribometer. After the completion of the wear, the wear 
scars were observed on the scanning electron microscope for the analysis of the surface 
deformation. 
 
All the data were collected from the average test value for three samples by the same deposited 
parameters, in order to confirm the valid values in this work. The working conditions of the 
ball-on-disk tribometer are presenter in Table 3.4. 
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Table 3. 4 The test conditions for the macroscratch test (pin on disc tribometer) 
Parameters Condition 
Indenter material Steel Grade 25 
Diameter of ball 6.350 mm 
Applied normal load 10 N 
Velocity 1 mm s−1 
Stroke length 1 mm 
Duration 120 sec 
Total Sliding displacement 120 mm 
Environment Air 
Temperature  18–20 ◦C 
Humidity  45–55 %RH 
The number of cycles 4500 
 
The wear volume was calculated by using the profiles obtained from the wear track cross-
section, and thus the wear rate was attained by using the Archard equation (3.4) [242]. 
 
 K = 
𝑉
𝑤𝑠
        (3.4) 
 
Where K is the wear rate, V is the worn volume obtained from the profiler, w is the normal 
load, and s is the distance moved.  
 
The k-value is given in m3/Nm or m2/N, and sometimes in mm3/Nmm or mm2/N. 
 
3.3.4 ELECTROCHEMICAL, CORROSION MEASUREMENT AND 
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPIC (EIS) 
To determine the corrosion resistance of the coating, an electro-chemical corrosion test was 
done on the samples using ASTM 93-14 standard of operation. The electrochemical corrosion 
is a process of applying the potential difference between two electrodes that are immersed in 
an electrolyte solution. This results in the removal of the electrons from the molecules within 
the electrolyte. The electrons will then move towards the positive electrode, while the ionized 
molecules (positively charged) are accelerated to the negative electrode, but more slowly than 
the electrons. Consequently, the dependence of the current between the electrodes on the 
applied potential is observed. The measurement of the electrochemical properties of the films 
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is necessary in determining their response and behaviour in corrosion active environments. 
This method is also appropriate for testing their biocompatibility with the human body.  
 
The electrochemical measurement of the corrosion properties was done with an Autolab 
PGSTAT 101 Metrohm Potentiostat/galvanostat shown in Figure 3. 14. Conventional three-
electrode cells, namely the working electrode, the counter electrode and the reference electrode 
(saturated calomel electrode) were connected to the Potentiostat. The counter electrode is 
Platinum and the reference electrode is the Ag/AgCl filled with 3M KCl while the working 
electrode is the samples. For the electrochemical measurement test, the applied potential is 
increased linearly in time, while the current is constantly being monitored. The current density 
is plotted versus the applied potential. The plots of the corrosion potential (Ecorr) and corrosion 
current density (Icorr) can be determined from the Tafel plot. Corrosion occurs when electrons 
are released from the metal (oxidation) and gained by the elements (reduction) in the solution. 
When the cathodic and anodic reactions are in equilibrium, and the current is decreased to zero, 
the value of the potential in this equilibrium is called the corrosion potential (Ecorr). The Ecorr is 
measured between the reference and the working electrodes, and it is used for a quantitative 
description of the corrosion protection of the material. In the case of less negative Ecorr values, 
the materials are considered as better protected from corrosion.  
 
The TiC samples were embedded in a protective layer, leaving a 1 cm2 working area. The 
working surface was subsequently cleaned, in order to remove any surface contaminant before 
dipping the samples into the electrolyte. The electrolyte used in this research study is Hank’s 
solution (as a simulated body fluid). The choice of the electrolyte was based on the biomedical 
application of the coating. The chemical composition of the electrolytes is presented in Table 
3. 5. After preparing the electrolyte, the pH indicator was used to measure the pH of Hank’s 
solution. The pH was found to be 7.2, which is in agreement with the normal pH of the body 
fluid.  
 
The electrolyte was deaerated and maintained at room temperature. All the experiments were 
performed at the ambient working condition that is similar to that of the human body. An Open 
circuit potential (OCP) was done on all the samples for 18000 sec, at a scan rate of 2 mV/s 
before running the polarization test. The OCP is defined as an equilibrium potential assumed 
by the metal in the absence of any electrical connection to the electrode. The potentiodynamic 
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polarization curves were measured, from -1.5 V to +1.5 V. For each experimental run, the fresh 
electrolyte was used, and all the electrodes were cleaned before running fresh samples. 
Table 3. 5 Composition (g/l) of Hank’s solution (Simulated body fluid) 
Reagent Quantity (g/L) 
Sodium chloride NaCl 8.0 
Potassium chloride KCl 0.4 






Phenol red 0.01 








Figure 3. 14 Autolab PGSTAT 101 Metrohm Potentiostat/galvanostat 
 
The electrochemical impedance spectroscopic (EIS) measurements were conducted in the 
frequency ranges between 0.1 Hz to 100 kHz for all the samples, with a sinusoidal signal 
perturbation of 10 mV. Each measurement was performed for three times. The experimental 
EIS spectra were interpreted based on appropriate equivalent circuit models and analysed by 
Z-view software to obtain the fitting parameters. 
 
 PRELIMINARY EXPERIMENTS 
In order to determine the optimal final sputtering matrix, preliminary trial run depositions were 
done, using the parameters in  
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Table 3. 6, to establish the feasible range of process parameters. This involved running the 
experiments over a specified window of process parameters and screening of the response 
result to identify the optimal process parameter range that produces a good surface coating. 
Table 3. 6 RF Magnetron sputtering trial process parameters 
S/N Notation Target Substrate Temperature (oC) RF Power (W) Time (Hrs) 
T1 A TiC CpTi 90 100 2 
T2 B TiC CpTi 100 150 1 
T3 C TiC Ti6Al4V 90 150 2 
T4 D TiC Ti6Al4V 100 200 1 
 
The summary of the basic responses from the characterization processes (AFM, FESEM, 
Tribometer and the Electrochemical potentiometer) are shown in Table 3.7, Figure 3.15, Figure 
3.16 and Figure 3.17 respectively.  From Table 3.7, the surface roughness decreases, as the 
process parameters, RF power and temperature increase. The values for the image roughness 
range from 19.09 nm to 38.10 nm. The SEM images showed homogenous and dense coatings 
for all the trials except trial 1. There was no crack and pores noticed for the first two trial runs, 
but as the parameters increased, the coating becomes denser, with the formation of multiple 
layers and a thicker coating. This multilayer leads to the formation of cracks and pores for trials 
3 and 4 respectively. The corrosion properties show an improvement of the corrosion rate 
within the process parameters for all the coated samples. From the trial experimental runs, the 
observation of the film properties, as well as the final experimental matrix were established 
within a safe range that was anticipated to produce optimal and improved performance.  
 
The lower limits for the RF power were set at 150 W, together with a sputtering time of 2 hrs 
and a temperature of 80 oC, while the upper limit was set at an RF power of 250 W, a sputtering 
time of 3 hrs and a temperature of 100 oC. The choice of the limit was based on review of 
literatures and previous related research investigations. 
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Table 3. 7 Output results of the trial experiments 
Experimental 
Trial runs 
 T1 T2 T3 T4 
Z range (nm)   443.31 575.92 429.74 654.53 
Image Rms 
(nm) 




 38.10 19.09 27.03 23.43 
Skewness  0.23 0.19 0.08 0.50 
Kurtosis  4.37 4.01 3.50 3.30 
Microstructure 
features 
 Sparingly dense 
coating 




No visible crack 
























Figure 3. 15 3D AFM topography of the trial experiments 
 




Figure 3. 16 FESEM Morphology of the trial Experiments 
 
Figure 3. 17  Tafel Plot of the Trial Experiments 
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 OPTIMIZATION TECHNIQUE 
3.5.1 TAGUCHI ANALYSIS 
Taguchi is a widely accepted and powerful design tool used for optimization methods that 
include planning, conducting and analysing the results of the matrix experiments, in order to 
achieve the best control factor levels. This technique was developed by Dr Genichi Taguchi 
[243-245]. The Taguchi method uses specially constructed tables, named as the orthogonal 
arrays to design the experiments. The use of these orthogonal arrays diminishes the number of 
experimental trials, the experimental time, the production costs, the effects of uncontrollable 
factors, and to optimize the process [246]. The advantages of this technique are its simplicity 
and precision.  
 
The quality of the Taguchi design is ensured in the design phase itself. The Taguchi design 
optimization method can be divided into three stages depending on the degree of optimization, 
namely the stage design, the parameter design and the tolerance design. Among the three 
stages, the parameter design stage is considered to be the most important stage, in determining 
the output response, and it was considered for this research study [244, 245, 247]. The steps 
followed in the Taguchi parameter design are listed below, 
• Determining the control factors and the levels belonging to each control factor 
• Selecting the proper orthogonal array,  
• Running experiments based on the orthogonal array 
• Analyzing the data by using different statistical equations 
• Identifying the optimum conditions  
• Conducting confirmation runs and improving the quality of the characteristics [248]. 
 
Considerable research has been done on the optimization method, using the Taguchi method. 
It has been determined that with a minimal number of experiments, the process performance 
can be improved using Taguchi method [249-257].  
 
The Taguchi method uses a loss function to calculate the deviation between the experimental 
values and the desired values. This loss function is converted to form a signal–noise (S/N) ratio.  
The best control parameters levels are those that maximize the signal-to-noise ratios (S/N), 
which are log functions of the desired output. They serve as objective functions for 
optimization, and they help with data analysis and the prediction of the optimum results.  
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3.5.2 THE SIGNAL-TO-NOISE (S/N) RATIO 
The S/N ratio is a quantitative analysis defined by the ratio of the mean to the standard 
deviation. It is used to measure the quality characteristic deviation from the desired value and 
to determine the optimal level that yields the optimal output response [256]. The term ‘‘signal’’ 
represents the desired effect for the output characteristic, while the term ‘‘noise’’ stands for the 
undesirable effect for the output characteristic [251]. The degree of predictable performance of 
a process in the presence of noise factors could be defined from the S/N ratios, whereby for 
each factor, the largest S/N ratio denotes the optimal level for each input control parameter.  
 
The S/N ratios transform several repetitions into one value, which indicates the amount of 
variation present and the shift of mean response in order to identify the control factors that 
might reduce the variation and improve the quality.  
 
The method for calculating the S/N ratio depends on the characteristic type, whether 
smaller is better, larger is better or the nominal is better.  
According to [251], the equations for calculating the S/N ratio with smaller-is-better, nominal-
is-better and larger-is-better, are as given in equations (3.5), (3.6) and (3.7) for smaller-is-


















𝑖=1      (3.7) 
 
In the equations above, n is the number of experiments, Y the the values of the output response, 
and Sy is the variance 
The estimated S/N ratio (ἠ) is used to predict and verify the quality characteristic at the optimal 
level. The estimated S/N ratio at the optimal level of the process parameters is calculated by 
using the Yang and Tarng equation (3.8) [248] 
            ἠ = ŋm + ∑ ŋ𝑖
𝑛
𝑖=1 +  ŋ𝑚    (3.8) 
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Where ŋm  is the total mean S/N ratio, ŋi is the mean S/N ratio at the optimal level, and m is the 
number of the main process parameters that affect the quality of the output response 
characteristics. 
 
3.5.3 ANOVA AND REGRESSION ANALYSIS 
ANOVA was carried out to identify the design parameters that significantly affect the response 
values. The total sum of the squared deviation (SST) is calculated by using the equation (3.8) 
[248]. 
 
SST = ∑ (ŋ𝑖 − ŋ𝑚)
2𝑛
𝑖=1      (3.8) 
 
n is the number of experiments, ŋi is the mean S/N ratio for the ith experiment and ŋm is the 
total mean S/N ratio. 
 
The relationship between the output response and the input factors is established by using the 
regression analysis technique [258]. The regression equation can be used to develop the 
predictive model equation for the experimental output response. The general forms of the first-
order model and the model with the first-order predictors and interaction are given in Equations 
(3.9) and (3.10) respectively. 
 
y = 𝛽𝑜 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 +       (3.9) 
 
y = 𝛽𝑜 + ∑ 𝛽𝑖𝑥𝑖
𝑘




𝑖 +     (3.10) 
 
Where 𝛽 = coefficient of each term, k= number of independent variables, and  = error. 
 
To justify the validity of the developed first-order model, R2 (R-squared) value is used. R2 is 
presented in equations (3.11) and (3.12) respectively. 
 
R2 = 
𝑆𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 (𝑆𝑆𝑅)
𝑆𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 (𝑆𝑆𝑇)
     (3.11) 
 
R2 = 1 −  
𝑆𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟 (𝑆𝑆𝐸)
𝑆𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 (𝑆𝑆𝑇)
    (3.12) 
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3.5.4 EXPERIMENTAL MATRIX (ORTHOGONAL ARRAY) 
After the screening of the process parameters, three process parameters that are distinct and are 
intrinsic features of the RF magnetron sputtering process were selected as the independent 
variables. These parameters largely influence the thin film growth and the nucleation on the 
surface. The fishbone of the process flow chart is shown in Figure 3. 18, showing the control 
parameters and the output response. 
 
Figure 3. 18 Fishbone flow chart of the Process parameters and the output response 
 
The control process parameters selected are RF power (Factor P), sputtering time (Factor S) 
and temperature (Factor T). With the three control factors at three-level each, the standardized 
orthogonal array of L9(3
3) was selected with the total number of nine experimental runs. The 
level factors used were selected, based on the literature review and the preliminary experiments 
done. The RF magnetron sputtering process parameters and orthogonal arrays are presented in 
Table 3. 8 and Table 3. 9 respectively. The nine experimental runs, together with full details of 
the combination for each factor are shown in Table 3.10. 
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Table 3. 8 RF Magnetron Sputtering process parameters 
Parameters Symbol Level 1 Level 2 Level 3 
RF Power (W) R 150 200 250 
Sputtering Time (Hrs) S 2.0 2.5 3.0 
Temperature (oC) T 80 90 100 
 
Table 3. 9: The orthogonal array of Taguchi L9 (33) 






L1 1 1 1 
L2 1 2 2 
L3 1 3 3 
L4 2 1 2 
L5 2 2 3 
L6 2 3 1 
L7 3 1 3 
L8 3 2 1 
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Table 3. 10 Experimental matrix for RF magnetron sputtering deposition 






L1 150 2.0 80 
L2 150 2.5 90 
L3 150 3.0 100 
L4 200 2.0 90 
L5 200 2.5 100 
L6 200 3.0 80 
L7 250 2.0 100 
L8 250 2.5 80 
L9 250 3.0 90 
 
 SUMMARY 
The comprehensive characterization of any material consists of the phase analysis, the 
compositional characterization, the structural elucidation, the microstructural analysis and the 
surface characterization. These all have a strong bearing on the properties of the materials. The 
experimental fabrication of the thin films, the characterizations techniques and the optimization 
tool used have been discussed in this chapter. The parameters and conditions of the experiments 
were stated and trial experiments were conducted to optimize the process paramters. The next 
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CHAPTER FOUR 
4 RESULTS AND DISCUSSION 
 INTRODUCTION 
This chapter discusses and analyses the experimental and characterization results of TiC thin 
films on titanium alloys substrates. The effects of the RF magnetron sputtering process 
parameters and the substrate on the TiC thin films properties were investigated. This chapter is 
divided into two sections. The first section discusses the result obtained from the experimental 
characterization of the sputtered TiC thin films on the substrates, and the second section focuses 
on the Taguchi optimization of the RF magnetron sputtering process parameters. The 
experimental characterizations include the morphology and the surface profiling done by using 
the field emission scanning electron microscope (FESEM), the atomic force microscope 
(AFM) and the non-contact optical surface profilometer. The structural and phase analysis was 
performed by using the Grazing incidence X-ray diffractometer (GIXRD) and Raman 
spectroscopy. The mechanical properties of the thin films were evaluated by using 
nanoindentation, microscratch and the tribo-tester. Additionally, Electrochemical corrosion 
test was done to determine the corrosion behaviour. 
 SECTION A: THIN FILM CHARACTERIZATION ANALYSIS 
4.2.1 SURFACE MORPHOLOGY 
The planar views of the surface morphology for TiC thin films on CpTi and Ti6Al4V substrates 
are shown in Figure 4. 1 and Figure 4. 2 respectively. The FESEM morphology images were 
taken at a magnification of 50000x. From Figures 4.1 and 4.2, it can be seen that the samples 
produced at the same RF power portray similar morphology and geometry features. This shows 
that the RF power has a substantial effect on the nucleation and the growth of TiC thin films. 
However, the effect of the sputtering time and the substrate temperature should not be 
neglected. Since RF magnetron sputtering coating is a non-equilibrium process, it was not 
possible to capture a universal growth behaviour to define all the process parameters. The 
effects of the process parameters on the morphology are not the same for all CpTi/TiC thin 
films and for the Ti6Al4V/TiC thin films microstructural evolution.  
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Consequently, the microstructural evolution behaviours under different process parameters 
differ in their morphology. TiC thin films were formed on the substrates by process of 
condensation of the TiC adatoms and growth nucleation. The growth nucleation depends on 
the interaction between the adatoms and the substrate, and it is affected by the surface mobility 
of the species, which depends on the substrate temperature, the RF power and the sputtering 
time.  
 
Three distinct morphological zones are noticeable for all the samples, and these correspond to 
different growth zones. The first morphological zone is noticeable with samples produced at 
150 W (which are samples L1, L2 and L3 respectively). The growth mechanism is similar to 
that of the Van der Merwe pattern or the Island growth mechanism. The Van der Merwe growth 
pattern exhibits amorphous or fine-grained polycrystalline films, with a high density of 
crystallographic defects. The absence of adequate surface diffusion at these process parameters 
yields a rough and porous morphology, with fan-shaped columnar features observed at the film 
cross-section, which is depicted as a Zone-1 film in Thornton’s well-known structural zone 
model [259]. The films contain cracks and void which grow with increase in the temperature 
for samples L1, L2 and L3 (Ti6Al4V/TiC thin film coatings) respectively in Figure 4. 2 and 
the pores and cracks for CpTi/TiC thin film coating decreases with increase in the temperature 
for samples L1, L2 and L3 respectively in Figure 4. 1.  
 
 It is thought that an ideal growth leads to a smooth-continuous film, even when deposited at 
low process parameters, provided the deposition rate of the film is nearly equal to the film 
nucleation rate. However, in the present case, it is presumed that the rate at which adatoms 
deposit on the substrate (the deposition rate) is lower than the nucleation rate. This is due to 
the fact that the deposited adatoms grow as individual islands, resulting in a less-dense film 
microstructure and resulting into the presence of wide channels in between the grains, even 
after the coalescence of neighbouring grains.  
 
The low rate of surface diffusion causes the random clustering of atoms at the initial stages of 
the growth and it leads to a wide range of island sizes, followed by side-wall growth of these 
clusters, caused by the shadowing effect. During condensation and growth of the TiC thin films 
at 150 W, the atoms are captured by a higher surface point. These granules are interlaced with 
each other, and they have formed many gaps, where the substrate could still be seen. This leads 
to the formation of rougher surfaces with columnar structures that can also be engineered to 
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form “nanostructures” under extreme shadowing conditions. The columnar structure is 
produced by the low surface diffusion and the low mobility of the atoms adsorbed by the 
substrate surface, and the atomic shadow effects, which are produced by the varying velocity 
in the growth of the columns and the various incidence angles, at which the atoms arrive at the 




Figure 4. 1 FESEM Morphology of CpTi/TiC thin film coatings 
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Figure 4. 2 FESEM Morphology of Ti6Al4V/TiC thin film coatings
 
 
For samples produced at 200 W (which are samples L4, L5 and L6 respectively), high-quality 
uniform and continuous coverage of TiC thin film on the substrate, with a very flat surface, 
and meagre cracks were noticed for both coatings. Chemisorption was dominant in the growing 
process (a strong bond between the TiC adatom and the substrate). This denotes good or strong 
adhesion between the substrates and the thin films. The TiC thin films show asymmetrical 
nanostructured geometry, as a result of the coalescence of the individual islands, leading to 
continuous undisturbed columnar growth [259]. The TiC nuclei primarily grow on the substrate 
by Volmer Weber or by a layer to layer growth mechanism. This type of growth arises when 
the film atoms are more strongly bound to each other than they are to the substrate, with a 
minimal breakaway from the coating [259]. This zone exhibits a dense equiaxed structure with 
smoother surfaces, as a result of the surface diffusion-controlled growth. The equiaxed grains 
can have highly facetted surfaces, due to surface energy anisotropy. The grain size generally 
increases with increasing substrate temperature from Figure 4. 1 and Figure 4. 2 for samples 
L4, L5 and L6 respectively. As the deposition power increased to 200 W, the dynamic of the 
surface growth also changes from a shadowing effect to a re-emission process. Non-sticking 
TiC atoms are re-emitted, and they arrive at other surface points, including a shadowed valley. 
The resputtering effect, which involved knocking off a surface atom and the redeposition 
thereof in a valley of the substrate also occurred.  
 
The re-emission and the re-sputtering process have a smoothening effect on the TiC thin film 
coating at RF power of 200 W. This transition in the coating of the surface structure could be 
attributed to the enhanced surface energy, as the energy of the incident ions increases. Since 
the high ratio of ions to neutrons flux at higher RF power favours the higher surface mobility 
of the adatoms, the shadowing effect is eliminated, and the porosity fraction is reduced [259]. 
Therefore, the TiC coatings also exhibit a trend of densification. The atomic mobility of the 
thin film induced by ion bombardment with high incident energy on the surface improves, 
thereby promoting the condensation of the adatoms condensation, and preferentially this occurs 
at the surface concavities, thereby leading to a smoother surface and more densely packed TiC 
thin films coating. Furthermore, the prevailing effects of shadowing and re-emission rely on 
their “non-local” character: The growth of a given surface point depends on the height of the 
nearby and far-away surface locations, due to shadowing and the existence of re-emitted 
particles that can travel over long distances, in addition to the sticking coefficient between the 
substrates and the targets and the deposition process parameters [260].  
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Further nucleation and different growth pattern were seen at an RF power of 250 W (which are 
samples L7, L8 and L9 from Figure 4. 1 and Figure 4. 2 respectively). Two types of TiC thin 
films crystal morphology co-exist within the coating layers. This type of coating morphology 
was also reported by Baric et al [202] in their work. The samples show high film densification, 
with equiaxed structure at the bottom and large scanty partially destructed columnar structure 
at the top, as compared with an evenly distributed coating observed at the RF power 200 W. 
This means that both parallel and perpendicular modes were dominant in the formation of the 
TiC thin film coating on the substrates. The parallel mode is caused by the surface diffusion of 
the adatom, which might be responsible for the equiaxed grain seen at the bottom [259]. The 
perpendicular mode involves the impingement of the incident TiC adatoms, causing the 
perpendicular growth of another layer, and the probability of new clusters formation arises 
[259]. This phenomenon is analogous to the Stranski- Krastanov (S-K) growth mechanism 
[28]. Both shadowing and re-emission effects have been shown to be the dominant growth 
pattern for the TiC thin film at 250 W. The irregular grain shape and the orientation noticed at 
250 W could also be attributed to agglomeration and the coalescence of new atoms, caused by 
the atomic peening effect. The heterogeneous nature of the sputtering process parameters leads 
to the larger size of the sputtered particles and the formation of the new layers.  
 
This effect produces a high film density of TiC thin films, and an increase in the compressive 
stress. The substrate temperature, in this case, is also significant. The adatoms coming to the 
surface of the substrate acquire kinetic energy from the substrate temperature, and this may 
result in a polycrystalline film. High substrate temperatures increase the energy of the adsorbed 
ions, and this improves the structural properties of the TiC thin films. During the deposition, 
the degree of crystallinity increases with an increase in the RF power, deposition time and 
temperature. 
 
4.2.2 SURFACE TOPOGRAPHY 
The surface topography and the surface roughness in nanoscale level for both CpTi/TiC thin 
film coatings and Ti6Al4V/TiC thin film coatings were examined by using atomic force 
microscope (AFM). Several images of the surface topography were recorded at different 
locations on the surface to verify the reproducibility of the topography features. During the 
analysis on the AFM, the phase shift, amplitude shift and height images were captured 
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simultaneously and presented in Appendix B. The 3D surface topography of the height images 
for CpTi/TiC thin film coatings and Ti6Al4V/TiC thin film coatings are represented in Figure 
4. 3 and Figure 4. 4 respectively. The AFM artefacts of the thin film coatings for both CpTi 
and Ti6Al4V substrates exhibit columnar surface topography. These columnar structures 
developed in two directions namely the lateral and vertical direction as seen in the Figures. The 
formation of columnar structure observed is in good agreement with the microstructural 
evolution observation. 
 
From Figure 4. 3 (CpTi/TiC thin film coatings), the concentration of the titanium carbide 
nanoparticle coatings increases as the deposition power, temperature and sputtering time 
increase. Samples L1, L2 and L3 produced at 150 W show high dominance of both peaks and 
valleys in the surface topography. As the power increased to 200 W in samples L4, L5 and L6, 
the TiC coatings covered more surface areas with a reduction in the concentration of valleys 
and increment of the peak regions. The reduction in the valley could be attributed to the 
resputtering effect caused by the high energy of the impinging adatoms. As the process 
parameters increase, more adatoms are ejected from the TiC targets and these adatoms strike 
the condensed atoms on the surface of the substrates, thereby causing the redistribution and re-
condensation of the atoms to lower valleys or region on the substrates. At 250 W (L7, L8 and 
L9), most of the valleys observed at lower power have been filled up with TiC nanoparticles 
coating. The reduction in the valleys and better surface area distribution of the TiC coatings 
with an increase in power can be attributed to the faster ejection of TiC atoms from the targets 
and increase in the rate of condensation of the adatoms on the substrates. A similar observation 
was noticed for the Ti6Al4V/TiC thin film coatings in Figure 4. 4. The surface diffusion of the 
TiC nanoparticles increases with power, leading to an increase in growth rate and TiC 
concentration on the surface. Chawla et al [261] reported in their work that increase in power 
contributes to an increase of the adatom mobility and deposition rate, resulting in the growth 
of crystallite size with homogenous distribution of the thin films. 
 
In addition, the TiC films agglomeration become thicker and denser with an increase in 
deposition time. Increase in time has been reported to improve grain growth, reduces surface 
roughness and increases the density of the film coatings [123]. Clustering and roughening of 




Figure 4. 3 3D Surface topography of CpTi/TiC thin film Coatings 
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Figure 4. 4 3D Surface topography of Ti6Al4V/TiC thin film Coating 
 
 
The statistical surface topography result of the thin film coatings, such as surface roughness 
(mean and RMS), maximum height, surface skewness and coefficient of Kurtosis are collected 
and presented in Table 4. 1 and Table 4. 2 for CpTi/TiC thin film coatings and Ti6Al4V/TiC 
thin film coatings respectively. The statistical analysis results show significant variations in the 
output response of the AFM surface analysis. The difference in the surface topography and 
statistical results is a consequence of the ion bombardment effects on the surface mobility of 
TiC thin film coatings caused by different process parameters [123]. 
 
The surface roughness for CpTi/TiC thin film coatings ranges between 19 to 79 nm. The 
maximum roughness was found at sample L1. The high roughness value in sample L1 was due 
to formation of deep channels and the island growth morphology on the film surface. However, 
the surface roughness reduces with an increase in the process parameters (power and time). 
The increase in process parameters results in smoother film surfaces and reduction in surface 
roughness. The surface roughness for Ti6Al4V/TiC thin film ranges from 11 to 60 nm. The 
least surface roughness range was found at samples produced at 200W (samples L4, L5 and 
L6). Samples produced at 200 W have uniform surface distribution and smoother surface which 
contributes to the surface roughness behaviour. 
 
The asymmetry and the flatness profiling of the samples were also analysed using the surface 
skewness and coefficient of kurtosis of the film coatings. Surface Skewness measures the 
profile symmetry about the mean line. When the height distribution is symmetrical, the surface 
skewness is zero. If the height distribution is asymmetrical, and the surface has more peaks 
than valleys, the Skewness moment is positive and if the surface is more planar and valleys are 
predominant, the Skewness is negative. All the skewness values for both CpTi/TiC thin films 
coatings and Ti6Al4V/TiC thin film coatings are positive. This denotes that the coatings 
contain more peaks of TiC thin films than valley and confirmation of the adhesion of TiC thin 
film on the surface of the substrate. The surface skewness increases as the deposition process 
parameters increase. The increment in the surface skewness with respect to the process 
parameters is due to the growth of new sites of TiC thin films and larger area covered with TiC 
thin films. 
 
The coefficient of Kurtosis was used to measure the surface sharpness of the TiC thin film 
coatings. When the Coefficient of Kurtosis is 3, it indicates a Gaussian amplitude distribution, 
and the surface is called Mesokurtic, but if Kurtosis is smaller than 3, the surface is flat and 
 
107 | P a g e  
 
called Platykurtic. If the Kurtosis is higher than 3, it is called leptokurtic and the surface has 
more peaks than valleys. The predominant mode for all the coatings (both CpTi/TiC thin films 
coatings and Ti6Al4V/TiC thin film coating) is leptokurtic, suggesting that the surface of the 
TiC thin films are concentrated with extreme peaks of TiC thin films distribution [123]. 
 













L1 78.66 103.55 725.52 0.278 3.628 
L2 21.11 27.058 217.10 0.044 3.524 
L3 33.54 40.95 230.43 0.441 2.550 
L4 46.87 58.19 336.60 0.896 3.496 
L5 28.73 37.62 296.00 0.246 3.920 
L6 55.77 72.435 516.92 0.428 3.482 
L7 26.69 32.75 236.13 0.463 3.106 
L8 19.75 27.90 278.65 1.400 3.507 
L9 21.47 28.13 199.54 0.910 3.916 
 













L1 28.13 36.69 231.78 0.109 3.525 
L2 35.65 44.99 335.69 0.101 3.202 
L3 20.72 26.45 207.18 0.193 3.684 
L4 12.496 14.31 176.24 0.358 2.660 
L5 11.68 14.66 132.70 0.131 3.394 
L6 12.34 15.96 186.33 1.387 3.154 
L7 17.19 23.72 203.08 1.740 3.857 
L8 25.39 32.62 199.46 0.177 3.070 
L9 20.80 27.05 171.17 0.170 3.261 
 
In order to study the surface topography on the microscale level and a better understanding of 
the surface profile, a complementary experiment was performed on optical profilometer.   The 
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3D of the surface topographies is presented in Figure 4. 5 and Figure 4. 6 for CpTi/TiC thin 
films coatings and Ti6Al4V/TiC thin film coatings respectively. Similar surface topography 
trends were observed.  The distribution of the TiC thin film becomes better and evenly 
distributed as the process parameters increases and wider surface area was covered in TiC thin 
films. Increase in TiC thin film thicknesses was noticed with an increase in process parameters 
in all the coatings. The growth mechanism was in both lateral and perpendicular growth 





Figure 4. 5 3D Images of the profiler topography in microscale for CpTi/TiC thin film coatings 
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Figure 4. 6 3D Images of the profiler topography in microscale for Ti6Al4V/TiC thin film coatings 
 
 
4.2.3 MECHANICAL PROPERTIES 
The nanohardness response parameters values calculated from the load vs displacement curves 
shown in Figure 4. 7 and Figure 4. 8 for CpTi/TiC and Ti6Al4V/TiC coatings are presented in 
Table 4.3 and Table 4.4 respectively. The tables present the values of the young modulus (E), 
hardness (H), wear resistance (H3/E2), plasticity index (H/E), maximum displacement (Hmax), 
final residual indent displacement (Hres), % elastic recovery and plasticity. 
 
From the results obtained in Table 4.3 and Table 4.4, the hardness values increase with increase 
in RF power from 150 W to 250 W. The samples (L1, L2 and L3) for both CpTi/TiC and 
Ti6Al4V/TiC coatings produced at RF power of 150 W exhibit lower hardness values compare 
to samples produced at 200 W (L4, L5 and L6) and 250 W (L7, L8 and L9) respectively. It has 
been reported that there are several mechanisms involved in the enhancement of the mechanical 
properties of thin film coating. These mechanisms are suppression of dislocation motion, 
interfacial crack deflection, microstructural homogeneity and Hall-Petch strengthening [262-
266].  
It was noticed that the microstructural homogeneity is the predominant mechanism for the 
determinant of the hardness behaviour of the TiC thin films. The change in the nanohardness 
properties of the samples is directly related to the microstructural evolution of the samples. 
From the FESEM images in Figures 4.1 and 4.2, nano-sized TiC thin films grains are evident 
in all the samples. However, samples produced at 200 W experienced resputtering effect, 
resulting in smaller and stable nanostructured grain size, denser film coating and better 
homogeneity with strong interfaces, which in turn would resist the mobility of plastic 
deformation across the grain boundaries during indentation. In such a condition, a higher 
amount of mechanical energy is required to develop the plastic deformation, indicating lower 
penetration depth and improved mechanical properties. 
 
Amaya et al [267] reported that the presence of nanometer scaled grain structures in 
polycrystalline materials causes large-volume fractions of grain boundaries. The grain 
boundaries cause dislocation pile-up and impede dislocation motion. This results in resistance 
to plastic deformation and improves mechanical properties [267]. The least hardness values for 
CpTi/TiC and Ti6Al4V/TiC coatings were found at samples L3 and L2 respectively. These 
samples were produced at RF power of 150 W and the TiC microstructural evolution were 
characterized by tunnels and crack on the surface of the film. The presence of tunnel and cracks 
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cause weakness in the bonding strength of the thin films, thereby reducing the hardness 
resistance of the TiC thin films due to lower resistance to deformation and deeper penetration 
of the indenter. 
 
From the plot shown in Figure 4. 7 and Figure 4. 8, the areas between loading and unloading 
curves and maximum depth decrease as the nanohardness increases. Different young moduli 
were noticed for the coating. Since the material is the same, differences in the film moduli can 
be attributed to different phase composition of the coating and crystallinity nature of the film 
[268]. An increase in young modulus causes a reduction in the elastic recovery, resistance to 
plastic deformation and a maximum depth as seen in table 4.3. 
 
















L1 07.35 295.20 0.0046 0.0249 136.18 114.00 16.29 83.71 
L2 07.86 147.17 0.0224 0.0534 155.13 113.95 26.55 73.45 
L3 06.57 171.21 0.0097 0.0384 151.35 118.47 21.72 78.28 
L4 10.43 187.59 0.0323 0.0556 127.37 88.98 30.14 69.86 
L5 16.51 118.30 0.3214 0.1395 145.78 73.17 49.81 50.19 
L6 07.69 114.03 0.0349 0.0674 166.43 115.26 30.75 69.25 
L7 12.53 104.49 0.1802 0.1199 157.74 86.90 44.91 55.09 
L8 13.92 170.45 0.0928 0.0817 127.25 80.08 37.07 62.93 
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L1 9.17 192.81 0.0208 0.0476 130.85 95.69 26.87 73.13 
L2 7.80 210.64 0.0107 0.0370 140.67 110.58 21.39 78.61 
L3 12.89 142.97 0.1047 0.0901 139.76 85.60 38.75 61.25 
L4 49.27 176.00 3.8605 0.2799 122.63 42.96 64.97 35.03 
L5 18.26 236.53 0.1088 0.0772 100.11 58.33 41.73 58.27 
L6 10.49 157.67 0.0464 0.0665 141.89 97.11 31.56 68.44 
L7 29.37 248.85 0.4092 0.1180 103.87 53.10 48.88 51.12 
L8 24.61 200.08 0.3725 0.1230 99.30 43.47 56.22 43.78 
L9 16.26 131.83 0.2474 0.1233 139.41 74.04 46.89 53.11 
hmax is the maximum depth of penetration 





Figure 4. 7 Load vs Displacement curves of CpTi/TiC thin film coatings 
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Figure 4. 8 Load vs Displacement curves of Ti6Al4V/TiC thin film coatings 
 
 
To get a more in-depth understanding of the mechanical properties, other related calculations 
of the mechanical behaviour were evaluated. The plasticity index (H/E ratio or elastic strain to 
failure) is introduced to describe the failure mechanism of the materials, while the wear 
resistance (H3/E2) ratio gives information of the resistance of the material to plastic deformation 
[213, 269]. 
 
The elastic recovery (ER) of the coatings was estimated using equation (4.1) [263] and the 
plasticity, which is the ratio of the plastic displacement over the total displacement in the load-
displacement curve was evaluated using equation (4.2) [270] 
 
Elastic recovery (%) = 
ℎ𝑚𝑎𝑥−ℎ𝑟𝑒𝑠
ℎ𝑚𝑎𝑥
 𝑥 100 = 
𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
 𝑥 100   (4.1) 
 
Plasticity (%) = 
ℎ𝑟𝑒𝑠
ℎ𝑚𝑎𝑥
 𝑥 100 = 
𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
 𝑥 100    (4.2) 
 
The interaction between these mechanical responses are illustrated in Figure 4. 9 and Figure 4. 
10 for CpTi/TiC thin film coatings and Ti6Al4V/TiC thin film coating respectively. From the 
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plots, it is noticeable that the increase in nanohardness results in increase in H/E, H3/E2 and 
elasticity recovery. However, the plasticity of the thin film coatings reduces with increase in 
hardness. It has been reported that high H/E ratio is an indication of good resistance to 
tribological failure [271]. Also, lower indentation depth, lower plasticity and higher elastic 
recovery of the TiC thin film coatings imply the enhancement in the resistance to elastic and 
plastic deformation.  
 
Based on the trend of the mechanical properties, there is a strong correlation between the 
process parameters, microstructural evolution and mechanical properties. It can be concluded 
that the mechanical properties of TiC thin film coatings depend on the combined effect of the 




Figure 4. 9 Graphical representation of the mechanical properties of CpTi/TiC thin film 
coatings 
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Figure 4. 10 Graphical representation of the mechanical properties of Ti6Al4V/TiC thin 
film coatings 
 
4.2.4 GIXRD STRUCTURAL ANALYSIS 
GIXRD analysis is an effective method for examining the crystallographic structures and 
phases of the as-deposited TiC thin films. Figure 4. 11 and Figure 4. 12 show the GIXRD 
spectra for some selected CpTi/TiC and Ti6Al4V/TiC thin film coatings, respectively. To 
analyse the different diffraction peaks, the ICCC-JCPDS Cards were used (titanium carbide 
no. 32-1383). 
 
All the films for CpTi/TiC coatings exhibit four main diffraction peaks of crystallized TiC thin 
films namely (110), (200), (220) and (311) presented in Figure 4. 11  while the Ti6Al4V/TiC 
coating shows five main diffraction peaks of crystallized TiC thin film coating namely (110), 
(200), (220), (311) and (222) ) orientation planes in Figure 4. 12 respectively. This shows the 
influence of the substrate material on the crystallinity diffractogram. The materials used as 
substrates for TiC films play an important role in the filing process of the TiC adatoms. This is 
due to differences in the surface energy and surface properties of the substrates material 
resulting in the different thermodynamic and kinetic behaviour of the TiC thin film coatings 
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on the substrates. Changes in the TiC coating preferential orientation could be observed by 
changing the substrate type. 
 
The XRD intensity of the preferential peak increases with the process parameters, and then it 
suddenly deteriorates from sample L8, and it increases again for sample L9 in both Figure 4. 
11 and Figure 4. 12. This phenomenon was noticed in both substrates. A higher XRD intensity 
corresponds to improved film crystalline. Improvement of the crystallinity is due to the 
increased ability of adsorbed atoms to move towards stable sites in the lattice. It is clear that 
TiC thin films deposited on different substrates exhibit different preferential growth planes, 
due to the minimal surface energy in the TiC structure, in addition to the surface energy of the 
substrates [272]. It was noted that no oxide peak was observed in the GIXRD analysis. This 
suggests that no intermetallic layers were found during the coating, and the TiC particles were 
stable during the coating. Perhaps, oxidation does not take place during the sputtering process, 
hence suggested good efficiency of the thin film deposition process. 
 
The preferential growth of crystalline grain along the (110) orientation plane is evident for TiC 
thin films on CpTi substrate, while the (200) orientation plane is the preferential orientation 
plane for Ti6Al4V/TiC thin film coating. 
 
The (110) preferential orientation in sample CpTi is possibly due to the activation energy of 
the grain, cavitation irregularities and the smallest surface energy storage in the stressed 
state[273, 274]. As a consequence of the enhanced mobility of the atoms on the growing film 
surface, the film structure can be relaxed to a lower energy state with the formation of more 
(110) texture [133]. 
 
According to previous studies, three models have been postulated, in order to explain the 
texture coefficient and the preferential growth direction of the thin films and these are the 
thermodynamic model, the kinetic model and the atomic model [275-277]. 
 
The thermodynamic model is proposed on the basis of the minimization of the total energy, 
which is the sum of the surface energy and the strain energy [275].  The (110) and (200) 
orientation planes have the lowest strain energy and the lowest surface energy in NaCl-type 
FCC carbide, respectively [272]. The coatings deposited on CpTi preferred the (110) 
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orientation for the highest number of atoms per unit area that can be incorporated at a low 
energy site.  
 
From a kinetic model, during the process of sputtering, the kinetic energy of the sputtering 
species is converted into thermal energy at the substrate, which might be responsible for the 
change in the preferred orientation plane [272].  If the coatings are grown in relatively high-
ion-energy conditions, their textures tend to evolve towards the planes with the most open 
channels. For the TiC coatings with Ti6Al4V substrate, the (200) plane has more open channels 
compared with the (110) plane. The orientation changes from (110) to (200) plane as the 
coatings are deposited. The surface properties of the Ti6Al4V alloys result in an increase in the 




Figure 4. 11 GIXRD Spectra of CpTi/TiC thin film Coatings 
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Figure 4. 12 GIXRD Spectra of Ti6Al4V/TiC thin film Coatings 
 
 
To further quantify the crystalline quality of the films, some output response obtained from the 
GIXRD experiment such as diffraction angle (2theta), d-spacing, full width at half the 
maximum (FWHM), crystalline size, dislocation density, microstrain and texture coefficient of 
the TiC thin film produced by using different process parameters were analysed and presented 
in Table 4.5 and Table 4.6. Table 4.5 shows the lattice parameters and the properties of the 
CpTi/TiC thin film coatings, while Table 4.6 presents the lattice parameters and the properties 








Table 4. 5 GIXRD output data for CpTi/TiC thin film coatings 
Experimental 
run 






(hkl) Crystalline size 
(nm) 
Dislocation density (𝛿) 
(Lines/m2) x 1014 
Micro 
strain 
( ) x 10-4 
Texture 
coefficient 
L2 38.3091 2.3476 2.499 0.1092 110 77.0 1.6860 4.5010 8.67 
 40.0757 2.2481 2.1637 0.2184 200 38.72 6.6705 8.9526 2.40 
 52.9020 1.7293 1.5302 0.1404 220 63.20 2.5037 5.4848 0.90 
 70.5517 1.3338 1.3047 0.0936 311 103.96 0.9252 3.33412 3.40 
L3 38.4336 2.3403 2.499 0.1404 110 59.92 2.7850 5.7848 8.31 
 40.2095 2.2410 2.1637 0.1872 200 45.19 4.8966 7.6704 2.56 
 53.0352 1.7253 1.5302 0.156 220 56.91 3.0874 6.0907 0.98 
 70.9740 1.3318 1.3047 0.1092 311 89.29 1.2543 3.8821 3.65 
L4 38.3424 2.3457 2.499 0.1248 110 67.39 2.2017 5.1434 8.73 
 40.1102 2.2463 2.1637 0.234 200 36.14 7.6558 9.5911 2.23 
 52.9374 1.7283 1.5302 0.1092 220 81.27 1.5141 4.2653 1.00 
 70.5817 1.3333 1.3047 0.1092 311 89.13 1.2588 3.8891 3.58 
L5 38.2852 2.3510 2.499 0.1919 110 43.82 5.2075 7.9102 7.17 
 39.9825 2.255 2.1637 0.255 200 33.05 9.1561 10.4889 3.44 
 52.823 1.733 1.5302 0.102 220 86.71 1.33011 3.9978 1.15 
 70.484 1.334 1.3047 0.171 311 56.68 3.1122 6.1152 3.31 
L8 38.3539 2.3469 2.499 0.2175 110 38.67 6.6868 8.9636 7.10 
 40.075 2.245 2.1637 0.24 200 34.80 8.2578 9.9610 3.49 
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 52.9069 1.7306 1.5302 0.1023 220 86.74 1.3292 3.9963 1.17 
 70.5457 1.3339 1.3047 0.156 311 62.38 2.5701 5.5571 3.31 
L9 38.4632 2.3385 2.499 0.1404 110 59.93 2.7845 5.7842 7.80 
 40.2185 2.2404 2.1637 0.2184 200 38.74 6.6644 8.9486 2.97 
 53.0506 1.7248 1.5302 0.1092 220 81.31 1.5126 4.2632 1.03 
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Table 4. 6 GIXRD output data for Ti6Al4V/TiC thin film coatings 
Experimental 
run 








Dislocation density (𝛿) 
(Lines/m2) x 1014 
Micro 
strain 
( ) x 10-4 
Texture 
coefficient 
L2 35.3651 2.53602 2.499 0.1092 110 76.36 1.7151 4.5396 1.59 
 40.4199 2.22977 2.1637 0.0624 200 135.66 0.5433 2.5551 8.72 
 63.6395 1.46098 1.5302 0.2808 220 33.30 9.020 10.41084 1.47 
 71.1656 1.32381 1.3047 0.1404 311 69.57 2.0659 4.9822 8.01 
 76.976 1.24080 1.2492 0.0624 222 162.65 0.3780 2.1312 6.82 
L3 35.2684 2.54276 2.499 0.0468 110 178.12 0.3152 1.9461 1.85 
 40.2929 2.23650 2.1637 0.1872 200 45.20 4.8940 7.6684 8.16 
 63.3401 1.46716 1.5302 0.156 220 59.84 2.7931 5.7932 1.20 
 71.048 1.32572 1.3047 0.312 311 31.29 11.2167 11.0797 2.40 
 76.897 1.24188 1.2492 0.156 222 65.02 2.3651 5.3309 2.13 
L4 38.5217 2.3352 2.499 0.156 110 53.94 3.4364 6.4258 2.56 
 40.3925 2.2312 2.1637 0.0936 200 90.44 12.2271 3.8330 6.08 
 63.618 1.4614 1.5302 0.5616 220 16.65 36.0901 20.8241 1.87 
 71.1019 1.3281 1.3047 0.1404 311 69.55 2.0675 4.9842 5.05 
 76.9738 1.2378 1.2492 0.2184 222 46.47 4.6307 7.4592 4.03 
L5 35.35 2.5392 2.499 0.1023 110 81.50 1.5054 4.2530 2.23 
 40.3604 2.2329 2.1637 0.078 200 108.51 0.8493 3.1945 5.61 
 63.5862 1.4621 1.5302 0.1092 220 85.59 1.3650 4.0498 3.10 
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 71.0292 1.3260 1.3047 0.1092 311 89.38 1.2518 3.8785 4.85 
 76.8965 1.2388 1.2492 0.2184 222 46.45 4.6356 7.4632 4.30 
L8 35.4477 2.5324 2.499 0.0768 110 108.60 0.8480 3.1920 1.32 
 40.3243 2.2367 2.1637 0.1663 200 50.89 3.8614 6.8116 6.14 
 63.6588 1.4606 1.5302 0.312 220 29.97 11.1340 11.5664 3.25 
 71.1161 1.3246 1.3047 0.078 311 125.20 0.6380 2.7688 6.14 
 76.944 1.2382 1.2492 0.2184 222 46.46 4.6326 7.4608 2.58 
L9 35.3362 2.5380 2.499 0.078 110 106.89 0.8752 3.2429 3.48 
 40.3726 2.2323 2.1637 0.078 200 108.52 0.84922 3.1943 5.35 
 63.4657 1.4646 1.5302 0.078 220 119.75 0.6973 2.8946 4.16 
 71.0686 1.3254 1.3047 0.1092 311 89.40 1.2512 3.8774 5.13 
 76.5179 1.2440 1.2492 0.312 222 32.43 9.5100 10.6897 1.76 
 
 
To quantitatively evaluate the degree of preferred orientation, the texture coefficients (TC) of 
all the main diffraction peaks were calculated. The texture coefficient (TC) is calculated from 
the intensity of the GIXRD spectra. The value of the TC indicates the surface of the films with 
the most effective peaks in the GIXRD analysis. This is further confirmed from the calculation 
of the texture coefficient, which gives a measure of the enhancement of reflection from (hkl) 
in comparison with a standard sample. 
  
The texture coefficient is calculated by using Harris formula [278, 279]  presented in equation 
(4.3) and the graphical representations are presented in Figure 4. 13 and Figure 4. 14 for 
CpTi/TiC and Ti6Al4V/TiC thin film coatings respectively. 
 






 𝑥 100%      (4.3) 
 
N is the number of reflections in the XRD,  I(hkl) is the measured intensity of the plane from the 
TiC spectra,  and I0(hkl) is the integral intensity of the TiC sample with complete randomly 
oriented (hkl) plane taken from the ICCC-JCPDS Cards (titanium carbide no. 32-1383).  
 
For a standard sample, the texture coefficient is one for all the (hkl) orientation planes. The 
maximum texture coefficient for the CpTi substrates was noticed at (110) and the texture 
coefficient of the Ti6Al4V substrate was found in the (200) plane, showing thereby the 
appreciably high preferential orientation of the TiC film. 
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Figure 4. 13 Plot of Texture coefficient against the hkl orientation plane for CpTi/TiC 
thin film coatings 
 
Figure 4. 14 Plot of Texture coefficient against the hkl orientation plane for CpTi/TiC 
thin film coatings 
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The calculated grain sizes for CpTi/TiC and Ti6Al4V/TiC thin film crystallite using the Debye-
Scherrer are listed in Table 4.5 and Table 4.6 respectively. Figure 4. 15 and Figure 4. 16  
illustrate the graphical representation of the crystalline size for CpTi/TiC and Ti6Al4V/TiC 
thin film. The CpTi/TiC thin film coating shows a decrease in the crystalline size of the 
preferential orientation plane of (110) as the RF power increases. A similar trend was 
noticeable for the Ti6Al4V/TiC thin film crystalline size at the (200) preferential orientation 
growth plane. 
 
An increase in the process parameter can cause resputtering of the TiC adatoms from the 
growing film surface with the formation of TiC grains of different sizes and geometry. The 
possible reasons are the penetration of impinging ions into the lattice of the condensed film and 
the reduction in the generation of defects, which would lead to an increasing number of 
preferential nucleation sites, resulting in smaller grains [133].  
 
Figure 4. 15 Plot of crystalline size against the sample for CpTi/TiC thin film coatings 
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Figure 4. 16 Plot of crystalline size against the sample for Ti6Al4V/TiC thin film 
coatings 
 
The microstrain and the dislocation density of the TiC thin films were also calculated. The 
microstrain denotes the presence of dislocation network and the stress in the films by producing 
a local strain close to the defect. The equations used for calculating the microstrain and the 
dislocation density are presented in equations (4.4) and (4.5) and the outcomes are presented 




       (4.4) 
Dislocation density = 
1
𝐺2
     (4.5) 
Where 𝛽 is the Full width at half maximum intensity (FWHM), θ is the Bragg’s angle, and G 
is the crystalline grain size 
The strain also significantly affects the structure and the properties of the TiC thin film to some 
extent. Thus, the analysis of the microstrain and the stresses in the TiC thin film is also 
important. The shift of all the preferential orientation diffraction peaks of the Ti6Al4V/TiC 
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thin film coatings substrates, (with preferential angle of 40.420)  with respect to the CpTi/TiC 
thin film coating (with preferential angle of 38.320) towards the higher angles, shows the 
existence of more residual tensile stress for the Ti6Al4V/TiC thin film coating and the 
compressive stress for the CpTi/TiC coating.  
 
The origin of the residual stress in the Ti6Al4V/TiC coating film can be attributed to thermal 
stress, lattice mismatch or due to materials properties and intrinsic stress [280]. The thermal 
stress is due to the difference in the thermal expansion coefficient between TiC (7.6 × 10−6 /K), 
Ti6Al4V (8.8 x 10-6 /K) and CpTi (8.6 ×10−6 /K). Since the thermal expansion coefficient of 
Ti6Al4V is larger than that of TiC thin film, the substrate gives a resultant tensile stress effect 
to the TiC film as the substrate cools down from high temperatures in the sputtering chamber. 
Intrinsic stress has its origin in the imperfection of the crystallites during growth. Several RF 
process parameters, such as deposition temperature, RF power and vacuum pressure have been 
reported to contribute to this process [281, 282]. 
 
The dislocation density is defined as the length of the dislocation lines per unit volume. The 
outcome of the dislocation density shows the different degree of variance in the behavioural 
pattern of the TiC coating. The outcome tends to reduce for most of the coating, as the 
deposition parameters increase, which indicates a reduction in the lattice deficiency, and it 
exhibits good crystallinity.  
 
The d-spacing obtained from the GIXRD investigation was compared with the standard ASTM 
d-spacing of titanium carbide, to confirm the structure of the TiC thin films. The d-spacing 
gives the distance between the successive parallel planes of the atoms. The variations between 
the values of the two parameters for both CpTi/TiC thin film coating and Ti6Al4V/TiC thin 
film coatings were very small. The comparison of the CpTi/TiC thin films d-spacing with the 
standard ASTM structure shows that the d-spacing of the (100) preferential orientation plane 
for all the coatings analysed are below the standard values. The shift to lower values in an 
indication of the compressive stress present in the CpTi/TiC thin films coatings. A shift to 
upper values was noticed in the case of Ti6Al4V/TiC thin films coating for the (200) 
preferential orientation plane. This confirms the existence of tensile stress in the thin films 
coatings. This shows that the measurement is accurate and consistent.  
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4.2.5 XPS ANALYSIS 
The narrow scan plots of the XPS analysis for some selected samples, which provides 
comprehensive information of each elemental composition in the TiC thin films are plotted in 
Figures 4.17 and 4.18. Figure 4.17 (A) and (B) represents the XPS spectra of the C1s and the 
XPS spectra for the Ti2p is presented is Figure 4.18 (A) and (B) respectively. 
 
 
Figure 4. 17 XPS spectra of C1s for (A) CpTi/TiC and (B) Ti6Al4V/TiC thin film 
Coatings 
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Different elements such as Ti, C and O were observed from the survey spectra scan. The 
presence of O on the surface of the coating might be due to oxidation caused by environmental 
contact. The Ti2p XPS peaks consist of two doublets namely Ti 2p3/2 and Ti 2p1/2 at the 
binding energy of 458.6 eV and 464.6 eV, respectively for both CpTi/TiC and Ti6Al4V/TiC 
thin film coatings. The energy difference between the spectra is approximately 6 eV, which 
was also reported by Restrepo et al [283]. The spectra of the Ti 2p3/2 shows a shoulder at lower 
binding energy. This phenomenon was observed by Rist and Murray [284] and it depicts an 
additional titanium compound. The narrow scan of the C1s show two doublets too for the two 
substrates. The C1s (TiC) which corresponds to the Ti-C bonds and C1s (C-C) which denotes 
the C-C bond spectra showed at peak position of 284.8 eV and 288.1 eV respectively. Parra et 
al [31] suggested in their study that the C-C bond could be linked to hydrocarbide particles on 
the film surface caused during the deposition process due to inadequate ionization process or 
contamination when the samples were exposed to the environment. It is also noticeable that the 
peak of C1s (TiC) spectra is the dominant, indicating that larger fraction of the C atoms is well 
bonded with the Ti atoms with little fraction of C-C amorphous carbon [285]. The Binding 
energy of the peaks are almost the same for the thin films and the target material. This show 
that the surface chemistry of the TiC thin film coating is similar as the clean stoichiometric TiC 
target composition. It is important to note that all the spectra are in good agreement with the 
binding energy of Ti and C respectively [286]. 
 
4.2.6 RAMAN SPECTOSOCOPHY (FILM DEFECT) 
To complement the GIXRD analysis of the TiC thin film crystallinity, Raman spectroscopy 
analysis was carried out on the samples. Raman spectroscopy is a quite sensitive technique for 
the characterization of carbon materials, and it is a non-destructive method that provides 
information related to the bonding structure, the chemical nature and the defects of the coating. 
This technique has been frequently applied for the analysis of carbon and carbon-based 
materials. The Raman spectra of CpTi/TiC and Ti6Al4V/TiC thin film coatings are presented 
in Figure 4. 19 and Figure 4. 20 respectively. The spectra were measured within the range of 
100 to 2500 cm-1 with 785 nm excitation light. For both coatings, the bands of the amorphous 
carbon peaks were observed between the 1000 and 1900 cm-1. The 1420 and 1530 cm-1 bands 
observable in the spectrum correspond to the D (disordered) and G (graphitic) peaks of the 
amorphous carbon. The peaks are due to the presence in the films of sp2 bonds only [216].  
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The assignment of the D and G modes are to indicate the molecular structure of carbon defect 
and these bonds are present in all the TiC thin film samples, except for the L4 and L5 for both 
CpTi/TiC and Ti6Al4V/TiC thin film coatings. The D band is associated with amorphous 
carbon due to crystalline disorder and structural defects in the graphite and this co-ordinates 
the breathing vibrations of the carbon atoms in the aromatic rings. The G band corresponds to 
the edge site and basal plane of graphite, as well as stretching vibrations of all the sp2 bonded 
atoms in both the rings and the chains [287]. 
 
The high intensity of the Raman broad bands was noticed for those samples produced at an RF 
power of 150 W. The enhancement of the intensity in these samples can be attributed to the 
presence of amorphous carbon [284, 285]. Raman vibrations are not active in stoichiometric 
TiC compounds because of their inverted symmetrical nature [274, 288, 289]. These are seen 
in the Raman spectra of L4 and L5. The lack of peaks in the samples L4 and L5 represent the 
high crystallinity in the TiC thin film. However, the formation of the TiC peaks was noticed 
by the Raman investigation in the remaining samples (L1, L2, L3, L6, L7, L8 and L9).  
 
Those peaks which correspond to the characteristic features of the TiC compound were found 
at 245 cm-1, 610 cm-1 and760 cm-1. These are activated by the presence of defects such as 
carbon vacancies, which can destroy the inversion symmetry, and they make some carbon 
atoms displaced according to Raman active in the crystalline materials [287, 290, 291]. 
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Figure 4. 19 Raman Spectra for CpTi/TiC thin film coating 
 
Figure 4. 20 Raman Spectra for Ti6Al4V/TiC thin film coating 
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4.2.7 MICROSCRATCH AND MACROSCRATCH (ADHESION 
BEHAVIOUR) 
Scratch test was used to evaluate and determine the critical load for the adhesion failure of TiC 
thin film under a normal progressive load. This method provides fast qualitative, semi-
quantitative and quantitative information on the adhesion of the film onto the substrate. The 
critical load is defined as the load which a well-defined failure appears on the surface of the 
thin film coating. To determine the critical load for this failure, the microscratch tester was 
equipped with an acoustic emission sensor. The acoustic emission sensor gives feedback on 
changes in the film coating behaviour, and to determine the critical load.  
 
The plots of the microscratch results are shown in Figure 4. 21 and Figure 4. 22 for CpTi/TiC 
thin film coatings and Ti6Al4V/TiC thin film coating respectively. The plots show the 
important parameters from the microscratch tester which are the normal load (Fn), acoustic 




Figure 4. 21 Microscratch plot of the Normal Load vs Acoustic Emission, Coefficient of Friction and Penetration depth of CpTi/TiC thin 
film coatings 
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From the results of the CpTi/TiC thin film shown in Figure 4. 21, the sudden spike in the plot 
of the acoustic emission was noticed in samples produced at the RF powers of 150 W and 250 
W (L1, L2, L3, L7, L8 and L9). This spike in the acoustic emission plot (circled part of the 
graph) denotes the first critical load at which delamination failure of the TiC thin film coating 
occurs under progressive loading. This might be due to the cohesive force, and this failure 
reveals inadequate adhesion of the TiC thin film to the substrate. The failure behaviour was not 
noticed for the thin films samples produced at 200 W (L4, L5, and L6) due to the strong bond 
of adhesion between the films and the substrate.  
 
From the morphology analysis of the TiC thin film distribution, the samples produced at 200 
W have a uniform and dense morphology, and the growth pattern is similar to the layer by layer 
growth pattern shown in Figure 4. 1. The adhesion bond between the TiC thin films and the 
substrate is very strong, especially for the TiC thin film coating produced at 200 W in 
comparison to that in other samples. This shows that one of the determinants of thin failure for 
CpTi/TiC thin film coating is the homogeneity of the TiC thin film and the growth pattern. 
Although, the samples produced at 250 W tend to be denser, but the uneven geometry and the 
presence of pores on the surface can serve as an area of stress concentration and weakness. And 
this can then serve as an area for the initiation of cracks, resulting in the TiC thin film 
delamination. CpTi/TiC thin films produced at 150 W have a columnar growth pattern. It has 
been reported [292] that films with columnar growth patterns usually have pores and a crack 
in between the adatoms of the film, which serves as a crack initiation point.  
 
All the samples of Ti6Al4V/TiC thin films coatings show good resistance to failure. No failure 
mode was noticed under low loadings shown in Figure 4. 22. Ali et al. [268] reported that the 
adhesion property between the substrate and the film is strongly affected by various parameters 
such as the scratch indenter tip radius, the film thickness, the friction effects, the hardness and 
elastic modulus of coatings and the substrate material [292]. It may be concluded that for 
Ti6Al4V/TiC thin film coatings, the substrate material plays a crucial role in resisting the TiC 
thin film failure. The adhesion strength between the Ti6Al4V/TiC thin film coatings is stronger 
than the CpTi/TiC thin film coatings. This phenomenon can be attributed with the surface 
properties of the substrates. Since the strength of the bonding between the films and the 
substrate rely on the surface properties of the substrate materials. 
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A similar pattern was noticed for the coefficient of friction (COF) of the samples that 
experienced failure. The COF is among the parameters used to evaluate the performance of a 
tribological system. The COF provides the energy consumption of the movement of the two 
counter bodies. The COF tends to increase with the normal load in the early stage of the scratch 
test (thereby indicating partial removal of the TiC thin film). A decrease in COF to a minimum 
value was noticed in the samples before the critical load.  
 
Subsequently, the COF rises again before the final critical load can be observed.  This remains 
a constant for the rest of the displacement. Charitidis [293] reported that the variation of CoF 
with normal loads for thin films demonstrates the existence of three regimes depending on the 
applied load range. These regimes are named regime I, regime II and regime III respectively 
depending on the variation of the COF with the applied load and displacement. The coefficient 
of friction decreases with an increasing normal load to a minimum value in the beginning state 
before the critical load, which corresponds to the initiation of scratching called regime I.  
  
The COF increases to a maximum value again termed as regime II, and, finally, maintain a 
constant range for regime III. The main friction mechanism in regime I was adhesion, while 
both adhesion and ploughing contribute to the coefficient of friction in regimes II and III. 
 
 Different thin film failures have been reported namely plastic deformation, interfacial failure, 
through-thickness fracture, bulk fracture and delamination [294-297]. In fact, it is usual that 
several different failure modes can occur simultaneously. Several factors are responsible for 
these failure modes, but the major contributor in this study was noticed to be the FESEM 
morphology and geometry of the microstructure and the substrate type. The penetration depth 
increases for all the coatings, as the applied load increases. 
 
To get further insight into the tribology adhesion behaviour of the coating, macroscratch 
experiment was done on the samples. The statistical results of the macroscratch results are 
presented in Table 4. 7 and   
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Table 4. 8 for the CpTi/TiC thin film coatings and the Ti6Al4V/TiC thin film coatings 
respectively. The plots of the COF against the displacement are illustrated in Figure 4. 23 A 
and B for the CpTi/TiC thin film coating and the Ti6Al4V/TiC thin film coating respectively. 
From the analysis of the results, the COF of the macroscratch test exhibited a slightly different 
character from the microscratch test for all the samples. Due to the increase in loading, the 
wear COF of all the coatings for both substrates increased also, and it remained constant after 
reaching the maximum value. No sudden drop in the COF was observed compared to the 
scenario in the microscratch test results.  
 
The COF values of the substrates without the TiC thin film coating were added for comparison 
and it was observed that the values for the COF of both substrates were the maximum in both 
cases. The variations in the COF can be characterized by two stages. The initial stage is a region 
of high friction, followed by a second steady-state stage of reduced and slightly constant 
friction. In the initial stage, the friction coefficient is controlled by film roughness and the 
build-up of a transfer layer (tribolayer), while in the second stage, the friction and the wear are 
controlled by the nature of the tribolayer and the substrate. 
 
Table 4. 7 The macroscratch wear results of the CpTi/TiC thin film coatings 
Experimental CoF Wear Depth 
(mm) 
Wear Volume (X 10-3 
mm3) 
Wear Rate (X 10-6  
mm2/N) 
LI 0.529 0.0111 1.22 1.01 
L2 0.550 0.0058 0.33 2.77 
L3 0.557 0.0214 4.51 3.76 
L4 0.549 0.0122 1.49 1.22 
L5 0.533 0.0246 5.96 4.97 
L6 0.551 0.0218 4.68 3.90 
L7 0.545 0.0135 1.80 1.50 
L8 0.570 0.0079 6.16 5.13 
L9 0.548 0.0165 2.68 2.24 
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Table 4. 8 The macroscratch wear results of the Ti6Al4V/TiC thin film coatings 
Experimental CoF Wear Depth 
(mm) 
Wear Volume (X 10-3 
mm3) 
Wear Rate (X 10-6 
mm2/N) 
LI 0.636 0.0230 5.21 4.34 
L2 0.634 0.0187 3.45 2.87 
L3 0.715 0.0267 7.02 5.85 
L4 0.604 0.0215 4.55 3.80 
L5 0.631 0.0200 3.94 3.29 
L6 0.618 0.019 3.56 2.97 
L7 0.667 0.0213 4.47 3.73 
L8 0.666 0.0346 11.78 9.82 
L9 0.674 0.0386 14.66 12.21 
Lsub 0.783 0.0402 15.38 13.32 
 
To get more in-depth behaviour of the failure mode and the wear mechanism, the wear scar 
images were taken using the Scanning electron microscope (SEM). The cross-sectional profiles 
of the wear scars images are presented in Figure 4. 24 and Figure 4. 25 for the CpTi/TiC thin 
film coating and the Ti6Al4V/TiC thin film coating respectively. The SEM analysis of the wear 
tracks exhibits different appearances. There are obvious fractures as well as the delamination 
of the TiC thin films in both substrates. The delamination of the thin films indicates that severe 
plastic deformation took place during the sliding action under a higher contact load. Fragments 
can be distinctly seen around the scratch track.   
 
Although the worn surface of both substrates appeared to be mechanically damaged under high 
loadings, the Ti6Al4V/TiC thin film coatings illustrated in Figure 4. 25 have a smaller scratch 
track area as compared to the CpTi/TiC thin film coating shown in Figure 4. 24. This might be 
due to the influence of the mechanical properties of the Ti6Al4V substrate such as surface 
energy properties responsible for the strong adhesion bond between the substrates and the TiC 
thin film coating. This justifies the absence of a critical load in the microscratch results of the 
Ti6Al4V/TiC thin film coatings. Clearly, the Ti6Al4V/TiC thin film coatings possess better 
tribological and wear properties than the CpTi/TiC thin film coatings. 
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Figure 4. 23 Plot of (A) Coefficient of friction vs Displacement of CpTi/TiC thin film 






Figure 4. 24 Macroscratch wear scar of CpTi/TiC thin film coatings 
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Figure 4. 25 Macroscratch wear scar of Ti6Al4V/TiC thin film coatings
 
 
4.2.8 CORROSION (OCP AND ELECTROCHEMICAL DEPOSITION) 
In order to assess the passivation behaviour of the TiC thin film on the coated substrates, 
polarization tests were performed in Hank’s solution. The anodic and cathodic polarization 
curves (Tafel plot) for the corrosion properties of CpTi/TiC and Ti6Al6V/TiC thin film 
coatings, respectively, are presented in Figure 4.26 A and B respectively. The graphs for both 
coatings exhibit active, passive and transitional states of corrosion. 
 
The anodic branch in a polarization curve shows important features related to the corrosion and 
the passivation behaviour of the samples and the diffusion-controlled anodic processes with 
the passive region, while the cathodic branches of the curves show mainly kinetically 
controlled cathodic reactions. 
 
From the Tafel plots for both substrates, the shift of the curves from left to right was noticed 
for all the coated samples. This indicates a more passive character of the samples coated with 
TiC thin film in comparison to the substrate.  
 
It can be clearly seen that both the cathodic and the anodic polarization curves are depressed 
for the coated samples, while the passivation behaviour can be observed in the anodic region. 
The passivation process noticed on the anodic curve can be described as the interruption of 
advanced pitting corrosion by the presence of TiC thin film coatings. 
 
For all the samples, the current density from the Tafel plot tends to stabilize between 0.012 to 
10.6 µA/cm2 for both substrates in the cathodic polarization curve. The sudden spike of the 
corrosion potentials was noticed for all the coated samples around the anodic region. This spike 
potential is referred to as the Flade potential [298]. This denotes a passive to active transition 
region that is required for the electrochemical corrosion process to take place. The Flade 
potential is used to empirically examine the likelihood of passivation in a given metal, which 
is the process whereby metals are safeguarded against corrosion. 
 
The Flade potential describes the change in the Gibbs free energy of the metal, immediately 
before the final transition step from the passive to the active corrosion region. The Flade 
potential region is between 0 to 0.5 V for all the coated samples. This shows that the passivating 
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TiC thin film is preventing rapid corrosion. It is thought that the samples deteriorate at a faster 
rate after the flade potential region, while the samples become susceptible to active corrosion 
in the subsequent region. A sudden rise in the corrosion currents was observed after the Flade 
potential region. The rise in corrosion current implies a faster rate of corrosion. An 
improvement of the substrate corrosion resistance after the deposition of the coating can be 
observed because it presents lower current densities; consequently, the corrosion velocity is 
lower. The observation of the TiC thin film effect on both the substrates indicates that the 
coatings constitute a barrier between the corrosive environment and the substrate, and they also 
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Figure 4. 26 Tafel plot of (A) CpTi/TiC thin film coatings and (B) Ti6Al4V/TiC thin film 
coatings 
 
The relationships between the corrosion current Icorr, the corrosion potential Ecorr and the 
polarization resistance Rp of the samples were extrapolated from the Tafel plot in Figure 4.26 
A and B in order to get more understanding of the corrosion behaviour. The corrosion potential 
is a mixed potential, at which the rate of the anodic dissolution of the electrode equals the rate 
of cathodic reactions, and consequently, there is no net current flowing in or out of the 
electrode, while the corrosion current Icorr is regarded as the current produced in an 
electrochemical cell while corrosion is actually occurring [299]. Higher Ecorr values imply a 
decrease in the tendency for corrosion initiation due to thermodynamics and the higher 
resistance to the initiation of localized corrosion, such as pitting, while lower Icorr values 
indicate a less stable oxide layer of the material.  
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The polarization resistance was analysed.  The polarization resistance may be defined as the 
slope of the potential versus the current plot in the vicinity of the corrosion potential (Ecorr), 
or when the applied current is approaching zero.  
 





     (4.6) 
 
Where βa and βc are the anodic and cathodic Tafel constants, and Icorr is the corrosion current 
 
The polarization resistance Rp is an important kinetic parameter that can characterize the 
corrosion behaviour of a material, and it provides valuable means of rapidly determining the 
instantaneous rate of corrosion of a metal. A high Rp value denotes a low corrosion rate. 
 
The data obtained from the calculation are presented in Table 4. 9 and Table 4. 10 for CpTi/TiC 
and Ti6Al4V/TiC thin film coatings.  From the Table, it may be observed that all the 
polarization resistances of the coated samples are above the uncoated samples. This implies 
that the coatings with TiC thin films improve the electrochemical corrosion property. The data 
obtained for the Icorr and Ecorr are presented in Table 4. 9 and Table 4. 10 for the CpTi/TiC 
and Ti6Al4V/TiC thin film coatings respectively. From the results, the samples with the highest 
polarization resistance for the CpTi/TiC thin film coating is sample L4, although, all the 
samples tend to vary around the range of 0.012 to 7.10 µA/cm2 for the corrosion current and -
676.4 to -210.2 mV for the potential current. The reason with the highest polarization resistance 
for samples L4 can be attributed to the microstructural morphology. Sample L4 possesses a 
uniformly distributed and dense TiC thin film morphology on the surface of the CpTi substrate, 
which resulted in the good passivity effect on the electrochemical corrosion.  
 
A denser film coating has been reported to have more positive corrosion potential and less 
corrosion current [300]. The homogenous structure can redistribute the current flow, in order 
to eliminate the current concentration at the small pinholes and prevent the rapid galvanic 
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attack at the pits. It has been reported by Herranen et al [299] that the corrosion potential also 
reflects the reduced porosity and the defect density of the multi-layered coatings. 
 
 For the Ti6Al4V substrates, sample L8 has the highest polarization resistance behaviour with 
Icorr of 1.85 µA/cm2 and Ecorr of -254.4 mV, respectively. This could be due to the growth 
pattern of the samples. The morphology of sample L8 tends to have multiple layers of TiC 
coating which is a good passive material against electrochemical corrosion.  This can also be 
explained by the surface roughness. Coatings characterized by low surface roughness can 
provide resistance to corrosion. Therefore, the growth of pit corrosion on a smoother surface 
is more difficult than on a rougher surface, since defects may constitute preferential sites for 
pit nucleation. The relatively lower corrosion resistance in some samples might be due to their 
columnar structure and pinholes. The probable mechanism for such a poor behaviour would be 
that the solution reaches the pinholes in the coatings, because of the difference in the binding 
energy and the chemical composition between the coating matrix and the substrate, thereby 
causing the formation of a Galvanic corrosion cell [301]. 
 
The protective effect was calculated in an attempt to understand the extent of the improvement 
of corrosion. The formula [302-305] used is presented in Equation (4.7). 
 
𝑃 = (1 −
𝐼𝑐𝑜𝑟𝑟
𝐼𝑐𝑜𝑟𝑟
0 ) x 100     (4.7) 
 
Where Icorr and 𝐼𝑐𝑜𝑜𝑟
0  are the corrosion current densities of the TiC thin film coated samples and 
the uncoated substrates, respectively. 
 
The percentage of the protective effect varies from 24.7 % to 99.8 % for the CpTi/TiC thin film 
coating and from 42 % to 82.6 % for the Ti6Al4V/TiC thin film coating. The protective effect 
is not dependent on the TiC thin film alone but the bonding between the target and the substrate, 
as well as the properties of the substrate materials influence the protective effect and the overall 
corrosion passivation mechanism. 
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Table 4. 9 The corrosion parameters of the CpTi/TiC thin film coatings 
Sample Ecorr (mV) % P (Protective 
effect) 
Icorr (µA/cm
2) Rp (Ω- cm2) (Polarization 
resistance) 
L1 -277.4 77.8 1.58 2.74 x 109 
L2 -252.7 62.8 2.64 4.87 x 108 
L3 -282.9 69.0 2.20 1.37 x 109 
L4 -334.7 99.8 0.012 1.03 x 1014 
L5 -210.21 24.7 5.35 2.48 x 108 
L6 -279.6 54.3 3.25 4.42 x 108 
L7 -2638 51.4 3.45 9.27 x 108 
L8 -234.1 64.8 2.50 1.01 x 109 
L9 -247.8 60.9 2.78 1.03 x 109 
Substrate -676.4 - 7.10 9.43 x 107 
 
 
Table 4. 10 The corrosion parameters of the Ti6Al4V/TiC thin film coatings 
Sample Ecorr (mV) % P (Protective 
effect) 
Icorr (µA/cm
2) Rp (Ω- cm2) (Polarization 
resistance) 
L1 -306.4 65.1 3.71 5.62 x 108 
L2 -277.4 74.3 2.73 1.11 x 109 
L3 -345.5 70.0 3.18 5.20 x 108 
L4 -263.3 62.3 4.00 1.15 x 108 
L5 -286.4 74.2 2.74 3.58 x 108 
L6 -265.5 65.3 3.69 1.76 x 108 
L7 -244.2 42.0 6.16 9.82 x 107 
L8 -254.4 82.6 1.85 1.31 x 109 
L9 -268.1 74.1 2.75 4.17 x 108 
Substrate -624.6 - 10.6 4.74 x 107 
 
The EIS plot for both the Nyquist and bode plots of CpTi/TiC and Ti6Al4V/TiC thin film 
coatings are presented in Figure 4.27 and Figure 4.28, respectively while Figure 4.29 shows 
the Rankine equivalent circuit used for fitting. 
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Figure 4. 29 Randle Equivalent Circuit 
 
The Rs, Rcoat and Rctr represent the solution resistance or uncompensated solution resistance, 
coating resistance and charge transfer resistance respectively while CPEcoat and CPEctr denote 
the constant phase element of coating and constant phase element of the charge transfer or 
double-layer capacitance at the solution and coating interface respectively used for the fitting 
process. A simple, convenient and scientifically proven way to validate the electrochemical 
corrosion resistance and properties of the TiC thin film coatings is to examine the diameters of 
the semicircles in Nyquist plots from Figure 4.27A and Figure 4.28A respectively. From Figure 
4.27A, the L4 sample produced the highest semicircled diameter of capacitance behaviour. 
This is evident that L4 has better corrosion stability while from Figure 4.28A, sample L3 
produced the highest semicircled diameter, followed by sample L8, which denotes high 
corrosion stability and capacitance loop. The bode plots of the samples are presented in Figure 
4.27B and Figure 4.28B for CpTi/TiC and Ti6Al4V/TiC thin film coatings respectively. The 
bode plot provides the logarithm of the frequency as a function of the impedance modulus |Z| 
and phase angle ϕ. For all the coatings, at high frequency, the impedances |Z| were low. As the 
logarithms of the frequency increases, the impedance reduces steadily. At low frequencies, the 
increase in |Z| values suggest the improvement of electrochemical stability. From the plots, 
samples L4 for CpTi/TiC thin film coating and samples L3 and L8 for Ti6Al4V/TiC thin film 
coatings have the highest impedance at the lowest frequency in their respective power rating 
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 SECTION B: THE TAGUCHI ANALYSIS  
This section deals with the optimization of the response output. The optimized output responses 
compromise the surface roughness regions obtained from the optical profilometer, the 
coefficient of friction and the wear rate from the macroscratch analysis. The rationale for these 
outputs is based on of their paramount significance to the properties of the TiC thin films.  
4.3.1 TI6AL4V/TIC THIN FILM COATINGS OPTIMIZATION 
4.3.1.1 Analysis of the signal-to-noise (S/N) ratio 
The S/N ratio for Ti6Al4V/TiC thin film Coatings output response for the surface roughness, 
the coefficient of friction and the wear rate are presented in Table 4. 11. The S/N ratios were 
calculated by using the “smaller is better” condition for the three output responses (surface 
roughness, coefficient of friction and wear rate). The average mean values of the experimental 
response and the average mean values of the S/N ratios for the three responses were also 
calculated, and they are presented in  Table 4. 121. 
 
According to the Taguchi analysis, the optimum response corresponds to the maximum S/N 
ratio values. From Table 4. 112, the optimal process parameters for the surface roughness were 
obtained at the RF power of 200 W (level 2), the sputtering time of 2.5 hrs (level 2) and a 
temperature of 80 oC (level 1). The optimal process parameters for the wear rate were 
determined at the RF power of 200 W (level 2), the sputtering time of 2 hrs (level 1) and a 
temperature of 90 oC (level 2) while the optimal process parameters for wear rate were found 
at the RF power of 200 W (level 2), a sputtering time of 2 hrs (level 1) and a temperature of 
100 oC (level 3).  
 
The S/N ratio is plotted against the test level for each sputtering parameter, and the graphs are 
presented in Figure 4. 30. The variation of the output response with the independent sputtering 
process parameters is represented by using the surface contour plot shown in Figure 4. 31. The 
surface contour plot shows the graphical representation of the relationships between three 
numeric variables (two independent sputtering process parameters and one response output) in 
two dimensions. The contour plots show the non-linear relationship between the sputtering 
process parameters and the output responses.  
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The 200 W RF power region had a better response for all the three response outputs. It was 
noted that the RF power has the most effect on the response, followed by the sputtering time 
and the temperature. 
Table 4. 11 The results of experiments and the signal-to-noise ratio values for the 
Ti6Al4V/TiC thin film coatings 
Experiment 
no. 



























1 150 2.0 80 3.429 -10.7033 0.636 3.93086 4.34 -12.7498 
2 150 2.5 90 2.855 -9.1121 0.634 3.95821 2.87 -9.1576 
3 150 3.0 100 3.451 -10.7589 0.715 2.91388 5.85 -15.3431 
4 200 2.0 90 1.933 -5.7246 0.604 4.37926 3.80 -11.5957 
5 200 2.5 100 1.358 -2.6580 0.631 3.99941 3.29 -10.3439 
6 200 3.0 80 1.415 -3.0151 0.618 4.18023 2.97 -9.4551 
7 250 2.0 100 2.545 -8.1138 0.667 3.51748 3.73 -11.4342 
8 250 2.5 80 2.073 -6.3320 0.666 3.53052 9.82 -19.8422 
9 250 3.0 90 2.541 -8.1001 0.674 3.42680 12.21 -21.7343 
TRa (Surface roughness total mean value) = 2.4 
TRA-S/N (Surface roughness S/N ratio total mean value) =  -7.169 dB 
TCOF (Coefficient of Friction total mean value) =  0.649 
TCOF-S/N (Coefficient of Friction S/N ratio total mean value) = 3.760 dB 
TWR ( Wear rate total mean value) = 5.43 
TWR-S/N ( Wear rate S/N ration total mean value) =  -13.517 dB 
 
 
Table 4. 12 Signal-to-Noise response for the Ti6Al4V/TiC thin film coatings 
 
 
Levels Control Factors 
P S T 
Surface Roughness (Ra) 
Level 1 -10.191 -8.181 -6.683 
Level 2 -3.799 -6.034 -7.646 
Level 3 -7.515 -7.291 -7.177 
Delta 6.392 2.147 0.962 
 
Coefficient of friction (COF) 
Level 1 3.601 3.943 3.881 
Level 2 4.186 3.829 3.921 
Level 3 3.492 3.507 3.477 
Delta 0.695 0.436 0.445 
 
Wear rate (WR) 
Level 1 -12.42 -11.93 -14.02 
Level 2 -10.46 -13.11 -14.16 
Level 3 -17.67 -15.51 -12.37 
Delta 7.21 3.58 1.79 
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Figure 4. 30 Effect of Process Parameters on the average Signal-to-noise ratio for (A) 
Surface roughness, (B) Coefficient of Friction and (C) Wear rate of Ti6Al4V/TiC 
thin film coatings 
 








































































































































































































































































































Contour Plot of Wear rate vs Sputtering Time, Temperature
Figure 4. 31 Surface Plot of the output response for (A) Surface roughness, (B) Coefficient of Friction 
and (C) Wear rate of Ti6Al4V/TiC thin film coatings 
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4.3.1.2 Analysis of variance ANOVA 
The analysis of variance was employed to understand the effect of the sputtering process 
parameters on the output responses. This analysis was done with a 95% confidence level and a 
5% significance level. The ANOVA table consists of the degrees of freedom, the mean square, 
the sum of the square, the F ratio and the percentage of the contribution. In ANOVA, the F 
values of each control factor were compared, in order to determine the significance of each of 
the control factors. The higher the F contribution, the higher the influence a factor has in the 
result. The F ratio is the ratio between the mean square to the mean square of the experimental 
error. From Table 4. 13, it can be observed that the RF sputtering power has the highest 
contribution rate on surface roughness. For the COF, the RF power was observed to have the 
highest contribution rate and for the wear rate, the RF power has a more significant contribution 
rate. The percentage of error for the surface roughness, the coefficient of friction and the wear 
rate were 1.604422, 8.10025 and 14.13076 respectively. These are considerably below the 
benchmark of 20% and they are within the acceptable limits [246]. 
 
 
Table 4. 13 Results of ANOVA for the output response of Ti6Al4V/TiC thin film 
coatings 
Factors Degree of Freedom, DF Sum of Squares, SS Mean Squares, MS F ratio P Contribution rate 
ANOVA for Surface Roughness 
RF Power 2 4.21598 2.10799 54.83 0.018 87.97 
Sputtering Time 2 0.45936 0.22968 5.97 0.143 9.59 
Temperature 2 0.04015 0.02007 0.52 0.657 0.84 
Error 2 0.07689 0.03844   1.60 
Total 8 4.79238     
 
ANOVA for Coefficient of Friction 
RF Power 2 0.004625 0.002312 6.14 0.140 49.75 
Sputtering Time 2 0.001817 0.000908 2.41 0.293 19.55 
Temperature 2 0.002102 0.001051 2.79 0.264 22.61 
Error 2 0.000753 0.000376   8.10 
Total 8 0.009296     
 
ANOVA for Wear rate 
RF Power 2 46.309 23.154 2.05 0.328 51.84 
Sputtering Time 2 14.033 7.017 0.62 0.617 15.71 
Temperature 2 16.370 13.185 1.28 0.480 18.32 
Error 2 12.624 11.312   14.13 
Total 8 89.337     
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The interaction plot for the sputtering parameters is presented in Figure 4. 32. The interaction 
plot reveals how the sputtering process parameters interact with each other, thereby creating a 
combined effect on the output response behaviour. From the plot, the interaction between the 
RF power with the other sputtering parameters for the surface roughness is weak, however, 
there was a strong interaction among the pairs of the sputtering time and the substrate 
temperature. For the COF, all the sputtering parameters show an interaction between each 
other. This phenomenon of a strong interaction between the process parameters was also 
noticed for the wear rate. 
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Figure 4. 32 Interaction plot of the for (A) Surface roughness, (B) Coefficient of Friction 
and (C) Wear rate of Ti6Al4V/TiC thin film coatings 
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4.3.1.3 Regression Analysis, Estimation of optimum and Confirmation test 
Regression analysis was done to develop an empirical model. The linear and quadratic 
interaction of the sputtering process parameters was used for the estimation of the predictive 
model. The regression analysis presented the relationship between one response output and the 
three independent sputtering process parameters. The equations of the linear and quadratic 
models are presented in Equations (4.8), (4.9), (4.10) and (4.11). 
The Linear Equation 
Surface Roughness Ra = 3.88 - 0.00859P - 0.167S - 0.0073T  (4.8) 
Coefficient of Friction COF = 0.412 + 0.000073P + 0.0333S + 0.00155T (4.9) 
The Quadratic Equation  
Surface Roughness Ra = 33.89 - 0.1867P - 13.03S + 0.06363T + 0.000499P2 + 2.256S2 
+ 0.000210 T2 + 0.006840PS - 0.000428PT     (4.10) 
Coefficient of Friction COF = 2.752 - 0.004327P - 0.4407S - 0.02858T + 0.000019P2 
+ 0.07867S2 + 0.000218T2 + 0.000293PS - 0.000044PT   (4.11) 
The optimal values for the surface roughness and the coefficient of friction were found at 
P2S2T1 and P2S1T2  respectively. Equations (4.12) and (4.13) were used to determine the optimal 
value for the surface roughness and the coefficient of friction. 
Raopt =   (P2 - TRa) + (S2 - TRa)  +  (T1 - TRa) + TRa  (4.12) 
COFopt =   (P2 - TCOF) + (S1 - TCOF) + (T2 - TCOF) + TCOF (4.13) 
Where     
Raopt denotes the predicted mean of the optimal surface roughness 
COFopt denotes the predicted mean of the optimal coefficient of friction 
Raopt =  1.17 nm 
COFopt =  0.592 
From the calculation, the optimal predicted surface roghness was found to be 1.17 nm, and the 
optimal coefficient of friction is 0.5343. 
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A confirmation test was used to evaluate the optimized parameters and the predictive model. 
The best combinations, as predicted by the Taguchi process of the optimum level and a random 
level of the sputtering process parameter were used for the confirmation test. Table 4. 14 shows 
the comparison results of the confirmation test, as calculated for the Taguchi method, the linear 
regression equation and the quadratic regression equation. The variation in the experimental 
values and the predicted model are small. The error values of the model are below the 20% 
acceptance value [306]. The maximum percentage error for the surface roughness and the 
coefficient of friction are 16.82% and 5.26% respectively. The results obtained from the 
confirmation test show that the predictive models and the optimization process were successful. 
 
Table 4. 14 The predicted values and the confirmation test results  
Levels Experiment Taguchi Method Linear Regression equation Quadratic regression equation 




1.325 1.243 6.15 
1.160 12.42 1.141 13.85 
P2S3T1 
(Random) 
1.415 1.295 8.45 
1.177 16.82 1.414 0.04 
Coefficient of friction COF 
P2S1T2 
(Optimum) 













4.3.2 CPTI/TIC THIN FILM COATINGS OPTIMIZATION 
4.3.2.1 Analysis of the signal-to-noise (S/N) ratio 
The S/N ratio of the CpTi/TiC thin film coatings analysis is presented in Table 4. 15 and Table 
4. 16 respectively. Table 4. 15 denotes the S/N ratio for the surface roughness, the COF and 
the wear rate while Table 4. 16 shows the values of the observed S/N ratio for every interactive 
combination effect of the sputtering parameters on the output response. From Table 4. 16, the 
sputtering parameters that yield the optimal surface roughness were found at the RF power 
level of 150 W (level 1), sputtering time of 2 hrs (level 1) and the temperature of 80 oC (level 
1). This implies that the surface roughness decreases with decreases in the sputtering process 
parameters. The optimal process parameters for the wear rate were determined at the RF power 
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of 200 W (level 2), the sputtering time of 2 hrs (level 1) and at a temperature of 100 oC (level 
3). The optimal process parameters for the wear rate were found at the RF power of 150 W 
(level 1), the sputtering time of 2 hrs (level 1) and at a temperature of 90 oC (level 2).  
 
It is worth noting that the greater S/N ratio corresponds to the smaller variance of the output 
characteristic around the desired output response values. Basically, the higher the S/N value, 
the better the desired output response. The S/N ratio is plotted against the test level for each 
sputtering parameter, and the graphs are presented in Figure 4. 33. The response plots of the 
contour surfaces are shown in Figure 4. 34. The contour plot for the surface roughness shows 
a linear relationship of the independent sputtering parameters (RF power vs Sputtering time, 
and RF power Vs substrate temperature) with the surface roughness.  
 
The remaining contour plots for all the other outputs tend to have a non-linear relationship with 
any variation in the sputtering process parameters.  
 
Table 4. 15 Results of the experiments and the signal-to-noise ratio values for CpTi/TiC 
thin film coatings 
Experiment 
no. 


























1 150 2.0 80 1.289 -2.21 0.529 5.53 1.01 -0.09 
2 150 2.5 90 1.385 -2.83 0.550 5.19 2.77 -8.85 
3 150 3.0 100 1.663 -4.42 0.557 5.08 3.76 -11.50 
4 200 2.0 90 2.229 -6.96 0.549 5.21 1.22 -1.72 
5 200 2.5 100 2.109 -6.48 0.533 5.47 4.97 -13.93 
6 200 3.0 80 2.058 -6.27 0.551 5.18 3.90 -11.82 
7 250 2.0 100 2.671 -8.53 0.545 5.27 1.50 -3.52 
8 250 2.5 80 2.816 -8.99 0.570 4.88 5.13 -14.20 
9 250 3.0 90 2.633 -8.41 0.548 5.22 2.24 -7.01 
TRa (Surface roughness total mean value) = 2.095 
TRA-S/N (Surface roughness S/N ratio total mean value) = -6.12 dB 
TCOF (Coefficient of Friction total mean value) = 0.548 
TCOF-S/N (Coefficient of Friction S/N ratio total mean value) = 5.22 dB 
TWR ( Wear rate total mean value) = 2.94 
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Level Control Factors 
P S T 
Surface Roughness (Ra) 
Level 1 -3.151 -5.900 -5.822 
Level 2 -6.571 -6.101 -6.067 
Level 3 -8.645 -6.365 -6.478 
Delta 5.494 0.465 0.655 
 
Coefficient of friction (COF) 
Level 1 5.269 5.337 5.197 
Level 2 5.284 5.180 5.209 
Level 3 5.126 5.161 5.273 
Delta 0.157 0.176 0.077 
 
Wear rate (WR) 
Level 1 -6.813 -1.778 -8.703 
Level 2 -9.159 -12.326 -5.861 
Level 3 -8.243 -10.110 -9.651 
Delta 2.345 10.548 3.790 
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Figure 4. 33 The effect of the process Parameters on the average Signal-to-noise 
ratio for (A)The Surface roughness, (B) The Coefficient of Friction and (C) The 
Wear rate of the CpTi/TiC thin film coatings 
 

































































































































































































































































































































Contour Plot of Wear rate vs Sputtering Time, Temperature
Figure 4. 34 Surface Plot of the output response for (A) The Surface roughness, (B) The 
Coefficient of Friction and (C) The Wear rate of the CpTi/TiC thin film coatings 
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4.3.2.2 Analysis of Variance 
The significance and the contribution rate of the individual sputtering process parameters 
influencing the output response were evaluated by using analysis of variance (ANOVA). Table 
4. 17 presents the ANOVA of the surface roughness, the coefficient of friction and the wear 
rate respectively. From the analyses, the sputtering power has the highest contribution rate for 
the surface roughness. For the COF, the sputtering time was observed to have the highest 
contribution rate. For the wear rate, the sputtering time has a more significant contribution rate. 
Table 4. 17 Results of ANOVA for the output response CpTi/TiC thin film coatings 
Factors Degree of Freedom, DF Sum of Squares, SS Mean Squares, MS F ratio P Contribution rate 
ANOVA for Surface Roughness 
 
RF Power 2 2.39142 1.19571 26.31 0.037 95.62085 
Sputtering Time 2 0.00487 0.00243 0.05 0.949 0.194727 
Temperature 2 0.01376 0.00688 0.15 0.868 0.550193 
Error 2 0.09089 0.04545   3.634234 
Total 8 2.50094     
 
ANOVA for Coefficient of Friction 
Factors Degree of Freedom, DF Sum of Squares, SS Mean Squares, MS F ratio P Contribution rate 
RF Power 2 0.000182 0.000091 0.25 0.800 35.08096 
Sputtering Time 2 0.000222 0.000111 0.30 0.766 42.79106 
Temperature 2 0.000042 0.000021 0.06 0.945 8.095605 
Error 2 0.0000728 0.0000364   14.03238 
Total 8 0.000519     
 
ANOVA for Wear rate 
RF Power 2 1.0844 0.5422 1.33 0.429 5.480477 
Sputtering Time 2 14.4922 7.2461 17.77 0.053 73.2425 
Temperature 2 3.3947 1.6973 4.16 0.194 17.15656 
Error 2 0.8154 0.4077   4.120971 
Total 8 19.7866     
 
The interaction plot for the sputtering parameters is presented in Figure 4. 35. From the plot, 
the interaction between the RF power with the other sputtering parameters for the surface 
roughness is weak, however, there was a strong interaction among the pairs of the sputtering 
time and the substrate temperature. For the COF, all the sputtering parameters show an 
interaction between each other. This can be observed from the interactive behaviour of the 
graph in Figure 4.35. The sputtering time has a weak interaction for the wear rate response, but 
the other two parameters (RF power and substrate temperature) exhibit strong interactions. 
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Figure 4. 35 Interaction plot of the (A) Surface roughness, (B) the coefficient of 
Friction and (C) the wear rate of the CpTi/TiC thin film coatings 
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4.3.2.3 Regression Analysis, Estimation of optimum and Confirmation test 
The equations of the linear and quadratic regression models used for the optimization of the 
sputtering process parameters are presented in Equations (4.14), (4.15), (4.16) and (4.17) 
respectively. 
The Linear Equation 
Surface roughness Ra = -0.985 + 0.01261P + 0.055S + 0.00467T  (4.14) 
Coefficient of friction COF = 0.5250 + 0.000090P + 0.0110S - 0.000250T (4.15) 
The Quadratic Equation 
Surface roughness Ra = -6.418 + 0.05995P - 1.645S + 0.07378T - 0.000022P2 
+ 0.3447S2 + 0.000048T2 - 0.001107PS - 0.000396PT   (4.16) 
Coefficient of friction COF = -0.5020 + 0.002210P + 0.08700S + 0.01665T 
+ 0.000002P2 + 0.002000S2 - 0.000075T2 - 0.000480PS - 0.000020PT (4.17) 
 
The optimal values for surface roughness and the coefficient of friction were found at P1S1T1, 
and P2S1T3 respectively. Equations (4.18) and (4.19) were used to determine the optimal value 
for the surface roughness and the coefficient of friction. 
Raopt =  (P1 - TRa) + (S1 - TRa)  +  (T1 - TRa) + TRa   (4.18) 
COFopt =  (P2 - TCOF) + (S1 - TCOF) + (T3 - TCOF) + TCOF  (4.19) 
Where   Raopt denotes the predicted mean of the optimal surface roughness 
COFopt denotes the predicted mean of the optimal coefficient of friction 
Raopt  = 1.373 nm 
COFopt  = 0.5343 
From the calculation, the optimal predicted surface roghness was found to be 1.373 nm, and 
the optimal COF was 0.5343. 
 
A confirmation test was used to evaluate the optimized parameter and the predictive model. 
The best combinations, as predicted by the Taguchi process and a random sputtering process 
 
169 | P a g e  
 
parameter were used for the confirmation test. Table 4. 18 shows the comparison result of the 
confirmation test calculated for the Taguchi method, the linear regression equation and the 
quadratic regression equation. The variation in the experimental values and that of the predicted 
model were substantially small. The error values of the model are all below the 20% acceptance 
value. The maximum percentage error for the surface roughness and the coefficient of friction 
are within the acceptable limits. The results obtained from the confirmation test show that the 
predictive models and the optimization process were successful. 
Table 4. 18 Predicted values and confirmation test results  
Levels Taguchi Method Linear Regression equation Quadratic regression equation 
 Experiement Predicted Error 
(%) 
Experiement Predicted Error 
(%) 





1.289 1.335 3.56 1.289 1.390 7.83 1.289 1.294 0.39 
P2S3T1 
 (Random) 
2.055 2.112 2.77 2.055 2.076 1.022 2.055 2.069 0.68 
Coefficient of Friction COF 
P2S1T3 
(Optimum) 
0.549 0.541 1.38 0.549 0.545 0.73 0.549 0.542 1.28 
P2S3T1 
 (Random) 
0.551 0.546 0.97 0.551 0.556 0.91 0.551 0.543 1.45 
 
 SUMMARY 
This chapter demonstrates that nanostructured TiC thin films were successfully deposited on 
CpTi and Ti6Al4V substrates. The results obtained from the characterization of TiC thin film 
coatings and the Taguchi optimization analysis were presented and discussed in this chapter. 
The experimental characterizations have revealed that magnetron sputtering of nanostructured 
TiC thin films is significantly influenced by the RF power at 95% confidence level. The growth 
mechanisms and structure evolution with these parameters have been presented. It is illustrated 
that RF power is the most significant parameter for TiC thin film growth. The temperature 
influences the diffusion of the adatoms onto the substrate surface, and the deposition time 
influences the deposition rate and thickness of the film. The next chapter focuses on the 
conclusions and a summary of the key findings from this research study.  
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CHAPTER FIVE  
5 CONCLUSIONS AND RECOMMENDATIONS 
 INTRODUCTION 
The aim of this project was to deposit and investigate nanostructured titanium carbide thin 
films deposited on CpTi and Ti6Al4V substrates by using RF magnetron sputtering. The 
summary of the characterization results obtained from the TiC thin film coatings is presented 
in this chapter. The result of the Taguchi analysis used for the optimization of the RF magnetron 
process parameters is also presented. Recommendations for future work on this research project 
are presented in the last section of this chapter. 
 CONCLUSIONS 
Radio Frequency (RF) magnetron sputtering is gaining attention at an unprecedented rate due 
to its several technological advantages, industrial uses and vast applications. In this research 
study, RF magnetron sputtering was employed to successfully deposit nanostructured Titanium 
carbide (TiC) thin film on commercially pure titanium (CpTi) and Titanium alloys grade 5 
(Ti6Al4V). Three important sputtering process parameters of RF magnetron sputtering namely 
RF power, the sputtering time and the substrate temperature were varied in order to optimize 
the evolving properties of TiC thin films coatings. The final coated samples were characterized 
by using the different characterization techniques of thin films and the results have been 
discussed in this thesis. 
 
The microstructural evolution and the topographic profile of CpTi/TiC and Ti6Al4V/TiC thin 
film coatings were analysed. The microstructural evolution for both substrates has a rather 
similar growth pattern. Three growth modes were observed at different RF power settings. The 
columnar structure and the growth mode, similar to the island growth mode were observed at 
an RF power of 150 W. As the RF power increases to 200 W, the film morphology becomes 
homogenous, with equiaxed grain and the growth model is similar to that of Volmer Weber or 
the layer mechanism Further increases in the RF power cause the morphology geometry to 
change into two different layers. The top layer coating has big grains with an uneven 
distribution of the TiC thin film while the bottom layer tends to be homogenous. This 
phenomenon can be related to the Stranski- Krastanov (S-K) mechanism.  
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The topography provides us with information about the surface roughness. For the CpTi/TiC 
thin film coating, the lowest surface roughness range was noticed at the 200 W level. The 
minimum surface roughness for the Ti6Al4V/TiC thin film coatings was also noticed at 200 
W. The low surface roughness was reported to have the highest hardness values. The surface 
topography was characterized by high peaks of TiC thin film coating from the statistical 
analysis of the surface skewness and coefficient of kurtosis. The mechanical properties of the 
thin film coatings increase within deposition process parameters and the maximum values were 
noticed on the surfaces with homogenous distribution of TiC thin film coatings. 
 
The structural property, composition and the film defect analysis were done by using the 
grazing incidence X-ray diffractometer GIXRD and the Raman spectroscope. From the GIXRD 
results of the CpTi/TiC thin film coating, the (110) orientation plane was found to be the 
preferential growth plane. The intensity of the plane increases, as the process parameters 
increase, which denotes that the crystallinity of the TiC thin film has improved. This 
phenomenon was also noticed in the Ti6Al4V/TiC thin film coating but there was variation in 
the preferential growth mode. The (200) orientation plane was the preferential growth plane 
for Ti6Al4V/TiC thin film coatings.  
 
The Raman spectroscopy results confirm the presence of both non-stoichiometric and 
stoichiometric TiC thin film coatings. Samples L4 (produced at 250 W, 2hrs and 900C) and L5 
(produced at 250 W, 2.5 hrs and 1000C) show the Raman spectra without any peaks. This shows 
that the samples were defect-free and stoichiometric. The TiC Raman peaks were noticed in 
other samples at 245 cm-1, 610 cm-1 and760 cm-1 peak intensity. The D and G-modes of carbon 
were also found to be present in the thin film. 
 
The corrosion results of all the coated samples show higher polarization resistance with a 
corrosion potential that is greater than that of the uncoated samples (CpTi and Ti6Al4V 
substrates). The significant improvement in the corrosion results implies that the TiC coating 
pacified and inhibited the corrosion rate. 
 
Two different experimental setups were used to study the tribology and the wear resistance. 
The first is the microscratch which was used to study the thin film failure under low loadings. 
From the results, some of the samples of the CpTi/TiC thin film coating experienced failure, 
while all the samples of the Ti6Al4V/TiC thin film coating withstood failure, under low loading 
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values. It also shows that the mechanical properties of the substrate influence the tribology 
behaviour. The thin film failure mode was studied with the macroscratch experiments. Samples 
of the CpTi/TiC thin film coatings have wider wear tracks when compared with the 
Ti6Al4V/TiC thin film coatings, and both samples experienced the same coefficient of friction 
trend pattern. 
 
The Taguchi analysis was used to study the contributions of the individual RF process 
parameters on the output response, as well as the analyses of the interactive effect of the process 
parameter on the response, and the development of a predictive model for the output responses. 
The predictive models show a little variance in the output response with an error of less than 
20% for all the models. This implies that the models are transferrable and that they also can be 
applied to develop futuristic coatings. The samples produced can be used as implants for 
biomedical application. 
 RECOMMENDATIONS 
This study has tried to justify the research investigation of RF magnetron sputtering of 
CpTi/TiC and CpTi/TiC thin film coatings. However, there is always room for improvement, 
modification or more research studies. Future works in this area could be focused on the 
following; 
 
• Pre- and post-heat treatment of the substrate could be done, and the samples should be 
characterized. Heat treatment has been used to modify and fine-tune the properties of 
the material to meet a pre-defined characteristic behaviour and can be applied for thin 
film coatings. 
• Other sputtering parameters such as the tilt the angle of the target and the substrate, 
substrate/target distance and vacuum pressure can also be varied and optimized. 
• Hybrid coating and reactive sputtering using Titanium and Carbon targets to form TiC 
compound could also be implemented and characterized. The study is necessary for 
improved performance of the thin films in advanced applications, especially in the 
emerging world of smart devices and real-time health monitoring.     
• The deposition of RF magnetron sputtering, the influence of sputtering parameters and 
the growth of adatom are all complex reactions that need more in-depth understanding. 
Molecular dynamics simulation of the deposition process could be done in order to 
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acquire a better understanding of the process. Such studies may focus on simulating the 
creation and sustenance of the plasma, dislodging and transport of the target adatoms 
and diffusion of those atoms onto the substrate. Effects of heating, vacuum and particle 
flow mechanics within the sputtering chambers on the sputtering process can better be 
visualized/understood through molecular and numerical simulations. The studies are 
necessary for the design of better systems, better control of the growth mechanisms and 
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Height, amplitude and phase AFM images of sample L1 of CpTi/TiC thin film coating 
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Height, amplitude and phase AFM images of sample L3 of CpTi/TiC thin film coating 
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Height, amplitude and phase AFM images of sample L4 of CpTi/TiC thin film coating 
 
Height, amplitude and phase AFM images of sample L5 of CpTi/TiC thin film coating 
 
Height, amplitude and phase AFM images of sample L6 of CpTi/TiC thin film coating 
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Height, amplitude and phase AFM images of sample L7 of CpTi/TiC thin film coating 
 
Height, amplitude and phase AFM images of sample L8 of CpTi/TiC thin film coating 
 
Height, amplitude and phase AFM images of sample L9 of CpTi/TiC thin film coating 
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Height, amplitude and phase AFM images of sample L1 of Ti6Al4V/TiC thin film 
coating 
 
Height, amplitude and phase AFM images of sample L2 of Ti6Al4V/TiC thin film 
coating
 
Height, amplitude and phase AFM images of sample L3 of Ti6Al4V/TiC thin film 
coating 
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Height, amplitude and phase AFM images of sample L4 of Ti6Al4V/TiC thin film 
coating 
 
Height, amplitude and phase AFM images of sample L5 of Ti6Al4V/TiC thin film 
coating 
 
Height, amplitude and phase AFM images of sample L6 of Ti6Al4V/TiC thin film 
coating 
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Height, amplitude and phase AFM images of sample L7 of Ti6Al4V/TiC thin film 
coating 
 
Height, amplitude and phase AFM images of sample L8 of Ti6Al4V/TiC thin film 
coating 
 
Height, amplitude and phase AFM images of sample L9 of Ti6Al4V/TiC thin film 
coating  
 




2D height image from optical profiler of sample L of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L2 of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L3 of CpTi/TiC thin film coating 
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2D height image from optical profiler of sample L4 of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L5 of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L6 of CpTi/TiC thin film coating 
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2D height image from optical profiler of sample L7 of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L8 of CpTi/TiC thin film coating 
 
 
2D height image from optical profiler of sample L9 of CpTi/TiC thin film coating 
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2D height image from optical profiler of sample L1 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L2 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L3 of Ti6Al4V/TiC thin film coating 
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2D height image from optical profiler of sample L4 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L5 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L6 of Ti6Al4V/TiC thin film coating 
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2D height image from optical profiler of sample L7 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L8 of Ti6Al4V/TiC thin film coating 
 
 
2D height image from optical profiler of sample L9 of Ti6Al4V/TiC thin film coating 
  
 




Microscope image of the microscratch scar of sample L1 of CpTi/TiC thin film coatings 
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Microscope image of the microscratch scar of sample L3 of CpTi/TiC thin film coatings 
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Microscope image of the microscratch scar of sample L6 of CpTi/TiC thin film coatings 
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Microscope image of the microscratch scar of sample L7 of CpTi/TiC thin film coatings 
 
 
Microscope image of the microscratch scar of sample L8 of CpTi/TiC thin film coatings 
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Microscope image of the microscratch scar of sample L9 of CpTi/TiC thin film coatings 
 
 
Microscope image of the microscratch scar of sample L1 of Ti6Al4V/TiC thin film 
coatings 
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Microscope image of the microscratch scar of sample L2 of Ti6Al4V/TiC thin film 
coatings 
\ 
Microscope image of the microscratch scar of sample L3 of Ti6Al4V/TiC thin film 
coatings 
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Microscope image of the microscratch scar of sample L5 of Ti6Al4V/TiC thin film 
coatings 
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Microscope image of the microscratch scar of sample L7 of Ti6Al4V/TiC thin film 
coatings 
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Microscope image of the microscratch scar of sample L9 of Ti6Al4V/TiC thin film 
coatings  
 




Optical profilometer of the macroscratch wear depth of sample L1 of CpTi/TiC thin 
film coatings 
 
Optical profilometer of the macroscratch wear depth of sample L2 of CpTi/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L3 of CpTi/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L5 of CpTi/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L7 of CpTi/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L9 of CpTi/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L1 of Ti6Al4V/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L3 of Ti6Al4V/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L5 of Ti6Al4V/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L7 of Ti6Al4V/TiC thin 
film coatings 
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Optical profilometer of the macroscratch wear depth of sample L9 of Ti6Al4V/TiC thin 
film coatings 
 
Optical profilometer of the macroscratch wear depth of Ti6Al4V substrate 
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APPENDIX F 





















L1 1.289 26.559 5.305 43.399 -16.84 
L2 1.385 15.110 1.979 37.767 -22.657 
L3 1.663 24.36 2.284 41.027 -16.667 
L4 2.229 13.175 3.039 27.365 -14.190 
L5 2.109 15.371 3.147 30.821 -15.450 
L6 2.058 18.29 2.724 38.435 -20.145 
L7 2.671 17.390 3.303 28.740 -11.350 
L8 2.816 12.231 2.347 38.692 -26.461 
L9 2.633 17.16 3.127 35.681 -18.522 
 
 





















L1 3.429 7.994 4.450 41.083 -33.088 
L2 2.855 9.128 3.798 38.603 -29.475 
L3 3.451 7.061 4.594 47.722 -40.661 
L4 1.933 6.459 2.799 40.236 -33.777 
L5 1.358 7.405 1.997 44.987 -27.582 
L6 1.415 9.903 3.332 40.843 -30.939 
L7 2.545 11.300 2.276 42.645 -31.345 
L8 2.073 28.250 3.024 68.927 -40.677 
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